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Definitions and abbreviations used in this thesis 

Ad.B.F. -Blood flow to adrenal glands (in ml.min .100 g~ ) 

B.C.O. -Biventricular cardiac output (in ml.min .kg fetus ) 

B.L.H.R. -Baseline fetal heart rate during steady^state 

conditions (in beats.min ) 

bpm -Beats.min 

Br.В.F. -Blood flow to fetal brainstem (in ml.min" .100 g ) 

Car.В.F. -Blood flow to fetal skeletal structures 

(in ml.min
-1
.100 g

- 1
) 

C.B.F. -Blood flow to fetal cerebrum (in ml.min .100 g ) 

Се.В.F. -Blood flow to fetal cerebellum (in ml.min .100 g~ ) 

C.N.S. -Central nervous system 

C O . -Left ventricle cardiac output (in ml.min ) 

[CO.] -Concentration of carbon dioxide dissolved in blood 

plasma (in mM) 

C.V.R. -Cerebral vascular resistance (in mmHg.min.100 g.ml ) 

F.H.R. -Fetal heart rate(in beats.min ) 

F.S.В.P. -Fetal systemic blood pressure (in mmHg) defined as 

the mean pressure difference between the fetal ab

dominal aorta and the amniotic cavity during 

steady-state conditions 

[HC0, ] -Concentration of bicarbonate dissolved in blood 

plasmai in mM) 

[ H_C0,] -Concentration of carbonic acid dissolved in blood 

plasmai in m4) 

Il.B.F. -Blood flow to fetal ileum and jejunum 

(in ml.min" .100 g
- 1
) 

-Inferior vena cava 

-Blood flow to fetal lungs (in ml.min .100 g ) 

-Blood flow to fetal myocardium (in ml.min .100 g ) 

-Arterial oxygen content in mM 

P.B.F. -Blood flow to the fetal side of the placenta in 

(in ml.min .kg fetus ) 

PC0
9
 -Partial pressure of carbon dioxide (in torr) 
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Pa02 
PÛ 2 

R.B.F. 

S.V. 

S.V.C. 

T.P.F. 

-Partial pressure of oxygen in an artery (in torr) 

-Partial pressure of oxygen (in torr) 

-Blood flow to fetal kidneys (in ml.min" .100 g" ) 

-Fetal biventricular stroke volume (in ml.stroke ) 

defined as the ratio of total biventricular cardiac 

output (ml.min ) and baseline heart rate during 

steady-state conditions 

-Superior vena cava 

-Total blood flow to the fetal side of the placenta 

(in ml.min ) 

"control" 

Normoxia 

Hypoxia 

Severe hypoxia 

V0., 

-Defined as a condition of oxygenation in which 

the ewe inspired air 

-Defined as a condition of oxygenation in which 

the oxygen content in the fetal ascending 

aorta was higher than 3.5 mM 

-Defined as a condition of oxygenation in which 

the oxygen content in the fetal ascending 

aorta was lower than 2.5 mM. 

-Defined as a condition of oxygenation in which 

the oxygen content in the fetal ascending 

aorta was lower 2.0 mM 
"Oxygen consumption (in umol.min .100 g ) 
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CHAPTER I. 

INTRODUCTION. 

Most mammalian tissues ultimately derive a major portion of their 

energy supply by using molecular oxygen as an electron accep

tor. Some tissues such as heart and brain continue to func

tion for only a few minutes in the absence of oxygen and total 

tissue energy reserves begin to diminish immediately if oxygen 

supply is interrupted. It is thus teleologically predictable and 

highly desiderable that, at the tissue level, the oxygen supply 

and demand are matched. The availability of oxygen at the tissue 

level is equally essential for the adult and for the fetus. The 

latter, though, seems to be more vulnerable in this respect 

because of its reliance on an adequate oxygen supply via the ute

rine circulation. There is no compensatory increase of uterine 

blood flow in hypoxia (Meschia and Battaglia,1973) and this may 

explain why interference with oxygen supply is a common form of 

acute fetal stress. 

Oxygen - besides being an essential metabolic substrate - is also 

a regulator of local blood flow in several organs of the adult 

animal (Carrier et al., 1964; Guyton et al., 1964). It would 

appear that changes in tissue oxygen tension cause, either 

directly or indirectly, local vascular responses (Haddy and 

Scott, 1968). In the fetus the effect of different oxygen envi

ronments on regional blood flow distribution has been studied ex

tensively. Mostly, these fetal studies have been performed acute

ly with the fetus usually exteriorized from the uterus and 

anesthetized (Born et al., 1956; Assali et al, 1962b; Campbell 

et al., 1967a; Behrman et al., 1970). Recently, techniques have 

been developed which permit the study of fetal animals in a 

chronic, relatively unstressed state. From the latter studies it 

has become increasingly evident that the exteriorized fetus 

undergoes major physiologic changes of the circulation as well as 
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other systems (Rudolph and Heymann, 1974). 

So far, very little information has been obtained on the effects 

of changing levels of oxygen on the fetal circulation of a chro

nic animal preparation. In one study (Cohn et al., 1974), the 

distribution of fetal cardiac output was examined at two mean 

levels of arterial PO,· T h e Present study was undertaken to in

vestigate whether a better quantitative description of fetal 

regional flow-oxygen relationship could be obtained by observing 

flow changes over a continuous range of oxygen values. 



CHAPTER II. 

HISTORICAL SURVEY. 

2.1. Technical developments in the study of the fetal 

circulation. 

Difficulties in experimenting with a viable, unstressed fetus 

have hampered the study of fetal cardiovascular physiology for a 

long time. It is for this reason that until the twentieth centu

ry hypotheses and ideas about the fetal circulation were primari

ly based on anatomical observations (Barclay et al.,1944). A 

historical milepost in the anatomical era was the discovery by 

William Harvey of the movement of blood in the fetal cardiovascu

lar system (Harvey, 1651). He rejected the idea supported in his 

century that the heart of the embryo is inactive and motionless. 

In the subsequent two centuries the limitations of deducing fetal 

cardiovascular function from anatomical observations found expres

sion in various opposing theories. The debate in this period was 

centered on a discussion of the mixing of blood within the fetal 

right atrium and of the shunting characteristics at the level of 

the heart. Hypotheses formulated by Sabatier (1778) and Killan 

(1826) enjoyed most prestige m their respective time. 

At the end of the nineteenth century there was a growing dis

satisfaction with purely anatomical studies. This dissatisfaction 

was expressed by Pohlman (1909) in the following way: "It became 

evident from the varying results obtained through observation and 

injection in the dead fetus that, if any further work was to be 

done on the course of the blood through the fetal heart it must 

be undertaken in the living animal and with the placental circu

lation intact". 

Experiments in living fetuses were first performed by Cohnstein 

and Zuntz (1884). These pioneers in fetal research measured the 

umbilical flow of lambs and demonstrated a small but consistent 

oxygen consumption by the fetus. Because of technical limitations, 

studies in living fetal animals in the initial period were fre-
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quently performed on deteriorating preparations. Pohlman (1909), 

for instance, removed fetuses, together with the uteri, from sows 

killed shortly before in the abbatoir. He studied these fetal ani

mals usually within half an hour after the death of the mother. 

Between 1920 and 1930 experimentation in the anesthetized fetal 

animal was introduced. For this purpose the fetus was delivered 

by cesarean section, the umbilical and uterine circulations 

retained, and fetal breathing prevented (Huggett, 1927). 

The gradual development of better techniques in the thirties 

created the possibility of expanding the study of the fetal car

diovascular system beyond the problem of blood mixing within the 

heart. In 1932, for instance, Clark demonstrated the existance of 

vascular reflexes in the embryo of the cat (Clark, 1932). 

From the early thirties to the mid-forties Sir Joseph Barcroft in

troduced a new period in prenatal research. The main credit for 

the improvements that followed, both on the operative side and on 

that of blood gas analysis is due to him and his school at 

Cambridge. He and his colleagues made the first studies of the 

course of blood through the principal vessels of the fetal lamb 

by rapid serial radiography (Barcroft, 1946). 

The post-war developments in fetal cardiovascular research were 

characterized by the introduction of sophisticated techniques for 

blood flow measurements and the study of fetal animals in an un

stressed experimental condition. Both developments have greatly 

improved our understanding of fetal cardiovascular function. 

2.2. Oxygen and the fetus. 

Oxygen was discovered simultaneously and independently by Joseph 

Priestly and Carl Wilhelm Scheele in 1771, and as early as 1794 

Girtanner ascribed fetal death by occlusion of the umbilical cord 

to the lack of this specific substance and compared it to death 

caused by strangulation of an adult. In 1878 Zweifel showed spec-

troscopially that oxyhemoglobin existed in the umbilical cord. 

Cohnstein and Zuntz (1884) concluded from their experiments that 

the fetus consumes small amounts of oxygen. 

Several workers in the first three decades of this century found 
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that fetal blood has a low POj (Huggett, 1927; Eastman, 1930). To 

some investigators this observation suggested the hypothesis that 

the placental membrane has a low permeability for oxygen 

(Anselmino and Hoffman, 1930). As pregnancy advances it was found 

that the O- saturation in fetal blood decreases. In connection 

with this observation (which is probably incorrect) the expres

sion "Mt Everest in utero" was introduced. Thus the fetus would 

be comparable to a mountain climber ascending to high altitudes. 

However, the low oxygen tension in fetal blood did not neces

sarily imply fetal hypoxia. This had already been pointed out by 

Eastman in 19 30, who could not demonstrate a difference in lactic 

acid content between the arterial and venous blood of the fetus 

in utero (Eastman and McLane, 1931). 

In the following years it became increasingly clear that the low 

PO- values of fetal blood represent a normal physiologic condi

tion, which does not prevent the fetus from consuming oxygen at 

a relatively high rate. The historic development of ideas concern

ing the measuring of the P0_ difference between mother and fetus 

has been recently reviewed by Hellegers (1970). 





CHAPTER III 

MEASUREMENT OF BLOOD FLOW 

3.1. Introduction 

Several techniques have been developed which can be used to 

estimate the rate of blood flow at many sites in the organism: 

a. pulse wave reflection technique (Satomura and Kaneko, 1961; 

Rushmer et al., 1966). 

b. dye dilution techniques (Fegler,1954; Saunders, 1970; Weaver 

et al., 1970). 

c. equilibrium methods based on the Fick principle (Kety and 

Schmidt, 1948a; Huckabee and Walcott, 1960; Meschia et al., 

1967). 

d. electromagnetic techniques (Sigman et al., 1937; Velick and 

Colin, 1940). 

e. velocity measurements using thin film gauges (Bellhouse et al. 

1967; Bellhouse and Bellhouse, 1968). 

Which technique is chosen depends on several criteria. A con

sideration of great importance in fetal physiology has been that 

of obtaining objective data about the cardiovascular tystem of 

the normal fetus. This consideration has limited the usefulness 

of the more invasive techniques. Among the less invasive techni

ques are those based upon the indicator dilution principle 

because they require the relatively simple surgical procedure of 

arterial catheterization. A modification of the indicator dilu

tion technique is the microsphere method which has been used in 

the present study. 

Since data on the microsphere method are scattered in different 

journals and several modifications have been introduced in the 

past two or three years, a review of recent developments concern

ing this technique was considered appropriate in order to 

supplement the information contained in an earlier review article 

by Wagner et al. (1969). 
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3.2. The microsphere technique; a review of the literature 

3.2.1.History 

It would appear that small inert particles in circulation 

research were first employed by Prinzmetal et al. (1948). They 

injected glass beads in experimental animals in order to detect 

arterio-venous anastomoses in certain tissues by counting the 

particles microscopically in histological tissues slides. The 

high density (specific density = 6) of these spheres and the 

necessity of injecting large amounts limited the experimental 

usefulness of the technique. 

Materials with low density such as ceramic (Hamlin et al., 1962), 

wax (Emmenegger etal., 1951), and plastic (Parker et al., 1958) 

were tested for their adequacy. Because of the permanent entrap

ment of these materials in the microcirculation their applica

tion was restricted to the experimental animal. For the diagnos

tic and investigational use in patients, biodegradable substan

ces were developed. Albumen aggregates gained wide acceptance 

because they are metabolized rapidly after phagocytosis (Wagner 

et al., 1964). 

The methodological potentials of the microsphere techniques 

improved considerably with the introduction of microspheres 

labelled with a radioactive tracer (McLean et al., 1960). The 

main advantage of a technique using radioactive particles is 

that the number of particles in a tissue can be measured easily, 

either by means of relatively slow measuring devices in vitro or 

by means of an external radiation detector in vivo. 

Meanwhile, further refinements of the method, such as improve

ment in homogeneity of sphere size and sphere composition, made 

possible its use in quantitating regional blood flow in experi

mental animals. Rudolph and Heymann (1967) were the first to use 

this technique for determining the distribution of cardiac 

output in the fetal lamb. Methodological studies in subsequent 

years (Buckberg, 1971; Domenech, 1969; Phibbs, 1970; Aim et al., 

1972) have contributed to the development of the microsphere 
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technique, making it a widely-used tool in circulation research. 

3.2.2. Theoretical basie of the method 

The technique of estimating cardiac output using indicator dilu

tion is well established (Fegler, 1954; Weaver et al., 1970; 

Saunders et al., 1970). The basic concepts of this method have 

been extended to determine the fractional distribution of regio

nal blood flow. 

The fractional uptake by an organ of an intravenously injected 

indicator equals the fraction of cardiac output perfusing that 

organ (Sapirstein, 195Θ). When the indicator remains in the cir

culation, mathematical corrections for its recirculation are 

required. Transit curves have to be constructed in order to make 

these corrections ,which tends to reduce the precision of the 

method (Saunders et al., 1970). The use of an indicator that will 

be filtered out of the blood during the first passage through the 

microcirculation eliminates the need to correct for recirculation 

and thus simplifies the measurements greatly. The microsphere 

method for measuring regional blood flow is based on this simpli

fication of the indicator dilution technique. 

3.2.3.Principle of the method 

Figure 1 illustrates the general principle of the microsphere 

technique for estimating regional blood flow in an adult animal. 

Radioactive microspheres are injected into the left side of the 

heart, usually through a catheter placed in the left atrium or 

ventricle. The left ventricle acts as a mixing chamber. 

Well-mixed spheres will subsequently be carried by the arterial 

system to the body tissues, where the microspheres will be 

trapped in the microcirculation during their first passage. 

The total amount of injected microspheres will be distributed to 

the organs of the systemic circulation in proportion to the blood 

flow to each organ, presuming even distribution of the spheres in 

the arterial blood (Rudolph and Heymann, 1967). 
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Fig I Schematic illustration of the nicrospher* technique 

Thus, if the total number of microspheres administrated equals fL 

and the number retained by a certain organ equals 

M-organ it follows that: 

M-organ 
Fraction of cardiac output to organ = - 1 -

«T 

If the cardiac output (CO., ml.min ) is known, the blood flow 

to each individual organ (F-organ, ml.min ~ ) can be derived 

using the following equation (Wagner Jr. et al., 1969; Hales, 

1973a): 

M-organ 

F-organ = C O . χ - 2 -

»Τ 

To determine the C O . with an independent indicator is not only 

inefficient but potentially misleading because it is usually 



25 

impossible to administer the spheres and reference indicator 

simultaneously (Bartrum et al., 1974). 

Since the microspheres will be trapped in each organ in propor

tion to the blood flow to that organ, it follows that the ratio 

of microspheres in any two organs (M-organ-1 and M-organ-2, 

particles) equals the flow ratios (F-organ-1 and F-organ-2, 

ml.min ), or: 

M-organ 1 F-organ 1 
= - 3 -

M-organ 2 F-organ 2 

Therefore, the absolute flow to any other organ of the systemic 

circulation can be calculated if the absolute flow to one sinale 

organ is known. 

Carotid (Beguin et al., 1974) and umbilical blood flow (Rudolph 

and Heymann, 1967; 1970) have been determined for this purpose 

but the necessity of introducing an additional technique need

lessly increases the complexity of the method. 

The measurement of blood flow to a single organ can be avoided by 

creating a constant flow to a reference sample outside the body 

(Makowski et al., 1972). Fig. 1 illustrates how this reference 

sample is obtained by drawing blood from the arterial system at 

a constant rate by means of a withdrawal pump. This reference 

sample is withdrawn over a period of time which encompasses the 

several minutes during which the microspheres circulate. 

The blood flow to the reference sample equals the withdrawal 

speed (F-pump, ml.min ) of the pump. Blood flow to any organ in 

the systemic circulation can be calculated by comparing the 

number of microspheres retained by the reference sample (M-ref, 

particles) with the number of microspheres in the organ (M-organ, 

particles) (Rosenfeld et al., 1973). Since flow ratios and the 

ratio of retained microspheres are equal in any pair of organs 

(equation 3) it follows that: 

F-organ M-organ 
= - 4 -

F-pump M-ref 
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Hence: 

M-organ 
F-organ = χ F-pump - 5 -

M-ref 

In this way it is possible to assess the C O . and its distribu

tion in an adult animal, where the entire arterial supply is 

derived from the left ventricular output. 

Modifications of the microsphere technique are needed to allow 

accurate measurements of the regional flow in the fetus. Because 

of the presence of two major shunts at the level of the heart -

the foramen ovale and the ductus arteriosus - the spheres can be 

injected into the inferior vena cava (I.V.C.) from a lower limb 

vein. As a result of this injection all fetal organs - except for 

the liver - will be perfused with blood containing microspheres. 

However, injection of microspheres in the I.V.C. will result in 

different concentrations of spheres in the right and left ventri

cle. Furthermore, the mixing of blood from the ductus arteriosus 

with blood from the aortic isthmus leads to a concentration of 

microspheres in the post-ductal arteries which differs from that 

in both right and left ventricles. Consequently, in the study of a 

fetal circulation, three reference samples are needed in order to 

calculate blood flow to the organs supplied by left ventricle, 

right ventricle, and post-ductal blood (Heymann et al., 1973 ). 

Determinations of left and right ventricular output as well as the 

estimation of flow through the ductus arteriosus, the foramen 

ovale, and to the lungs are possible by the simultaneous injec

tion of microspheres with different radioactive labels into the 

superior vena cava (S.V.C.) and the I.V.C. respectively (Archie, 

1974) . 

3.2.4. Assumptions and limitations 

In applying the microsphere technique to examine the distribu

tion of blood flow, there are several important criteria that 

have to be considered. 
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3.2.4.1. Evenness of mixing 

The microspheres should be distributed evenly in the blood flow

ing through an artery, so that blood entering any branch artery 

will contain the same concentration of spheres as that in the 

main artery. The presence of laminar flow in a blood vessel may 

induce an uneven radial distribution of spheres with a central 

concentration of the larger ones. These effects have been 

studied by Phibbs and Dongs (1970). They found 

that axial streaming of microspheres was considerable in the 

medium-size arteries. Only the smaller spheres (between 7.5 and 

10 im )approximated the distribution of erythrocytes. The larger 

particles tended to concentrate centripetally. Such uneven distri

bution may result in faulty flow measurements, especially in 

organs supplied by small arteries which branch off at right 

angles from the main artery. As a practical test of this type of 

error, a high correlation between counts from paired kidneys 

(Neutze et al., 1968) is generally considered as evidence for 

good mixing of the injected microspheres in the abdominal aorta. 

A study by Warren and Ledingham (1974) in rabbits indicated a 

loss of correlation between paired kidney counts when 50 im 

microspheres were used. Reference samples obtained simultaneously 

from either the two carotid or the two femoral arteries in rabbits, 

cbgs and sheep showed an average discrepancy within the statisti

cal expectation for spheres up to 50 urn in diameter (Buckberg 

et al., 1971; Neutze et al., 1968; Bartrum et al., 1974). 

The literature is somewhat confusing when reference samples 

collected simultaneously from one carotid and one femoral artery 

are compared. Neutze et al. (1968) used 50 pm spheres and did not 

observe any significant discrepancy. Bartrum et al (1974), on the 

contrary, noticed in the same animal model, with the use of 15 ym 

spheres, a significant discrepancy between femoral and carotid 

samples. Also Buckberg et al. (1971) demonstrated considerably 

more variability when a carotid sample was compared with a femoral 

sample in dogs and sheep and by using spheres with 

diameters between 8 and 50 μη. The results of these last two 
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groups of investigators may indicate imperfect mixing and/or 

streaming of microspheres after being injected into the left side 

of the heart. Anatomical characteristics of the aortic root in 

sheep may explain the exaggerated variability in that species 

(Buckberg et al., 1971). Another possible explanation may be the 

influence of centrifugal movement of the relatively large spheres 

at the level of the aortic arch (Whitmore, 1968). 

Experimental evidence to prove the insignificance of rheological 

factors in microsphere work comes from direct comparison of 

"microsphere flow" with flow measured by means of a different 

technique. Close agreement in various animals was demonstrated 

for coronary blood flow (Buckberg et al., 1971; Domenech et al., 

1969), uterine blood flow (Rosenfeld et al., 1973), renal blood 

flow (Warren et al., 1975), femoral blood flow (Neutze et al., 

1968) and umbilical blood flow (Makowski et al., 1968). 

The rheology of the larger microspheres, however, may have some 

important consequences for the distribution of flow within indi

vidual organs. Domenech et al (1969) noticed a considerably 

greater concentration of 50 ym - microspheres in the inner (endo

cardial) layers of the myocardium as compared with the outer 

(epicardial) layers. On the contrary, left ventricle injection of 

14 pm - microspheres resulted in an even distribution of radio

active particles throughout the various segments of the myocardium, 

which agrees with numerous studies using diffusible indicators 

(Griggs and Nakamura, 1968; Brandi et al., 1968). The smaller 

microspheres were probably more evenly dispersed across the lumen 

of the larger coronary arteries and consequently were distributed 

more accurately according to regional blood flow. Therefore it is 

advisable to use small spheres appoximating red cell diameter in 

order to assess accurately the distribution of flow within the 

myocardium. Aim (1975) demonstrated another disadvantage of the 

use of larger spheres by studying flow distribution to cerebral 

tissues of the monkey. 15 and 35 \im microspheres - differently 

labelled - were simultaneously injected into the left ventricle. 

The two synchronously determined blood flows differed signifi

cantly for grey and white matter but were equal 
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for the choroid plexus. Entrapment of the 35 да spheres in the 

relatively large pial arterioles may explain the differences m 

flow values. It is concluded that a sphere size of 35 y m or 

larger is unsuitable for determining intracerebral blood flow 

distribution. Analysis of the microsphere method in rabbits and 

dogs to describe intrarenal cortical hemodynamics yielded reliable 

and reproducible results only when 15 ym spheres were used 

(Warren and Ledingham 1975; Katz et al., 1971). Larger sizes 

tended to accumulate in the afferent arterioles and thus gave 

rise to inaccuracy m measuring capillary flow. 

Comparison of left atrial, left ventricular and aortic injection 

sites in adult animals suggested that mixing of injected spheres 

was complete only when a left atrial injection site was used 

(Kaihara et al., 196Θ; Buckberg et al., 1971; Bartrum Jr. et al., 

1974) . 

3.2.4.2.Réenroulât ion 

In order to use the microsphere method for assessment of blood 

flow distribution, it is essential that most of the injected 

spheres do not by-pass the microcirculation. Leakage of spheres 

through a particular vascular region will result in underestima

tion of flow to that region. 

Studies with 50 ym spheres in several species demonstrated minimal 

shunting (less than 1%) of microspheres through all the organs 

that were tested (Rudolph and Heymann, 1972; Wagner et al., 1969). 

Unfortunately, the use of 50 vtn spheres may lead to erroneous 

results in the study of intra-organ flow distribution (Warren, 

1974; Aim, 1975). Recent studies have evaluated the recirculation 

of 15 ym spheres in several organs and in different species. 

Archie (1973) determined, with a special technique, the organ 

extraction of microspheres in the lamb and found that non-trap

ping was probably limited to spheres under 7 ym in diameter. 

Warren and Ledingham (19 74) determined the amount of microsphere 

shunting across several major organs in rabbits. They injected 

a mixture of spheres of three sizes (50 ym, 25 ym, and 15 ym) 
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into a major vessel supplying the organ to be studied. The small 

intestine, liver , kidneys, and lungs did not shunt spheres of 

any of the three sizes tested. By measuring the radioactivity of 

a simultaneously collected venous reference sample it could be 

demonstrated that shunting of 15 von spheres was minimal across 

the cerebral (Makowski et al., 1972) and umbilical circulation 

of the fetal lamb (Makowski et al., 1968), the coronary (Fortuin 

et al., 1968) and renal circulation of the dog ( Slotkoff et al., 

1971), and the pulmonary circulation in the sheep (Hales, 1973a) 

and the rabbit (Creasy et al., 1974). A study by Aim and Bill 

(1972) in the cat showed equal trapping proportions for 15 ym and 

35 pm spheres in brain, renal cortex and ocular structures. The 

latter observation is interesting because it suggests nearly 

complete entrapment of 15 ym spheres in the choroid, a tissue with 

a unique vascular configuration, characterized by up to 40 via wide 

sinusoidal capillaries. Total body shunting in the rabbit, derived 

from the radioactivity accumulating in the lungs after a left side 

injection of 15 pm spheres, ranged from less than 1* (Bartrum et 

al., 1974) to up to 3.5% (Creasy et al., 1974). Shunting through 

the systemic circulation of the conscious dog - obtained by the 

same technique - was almost equal for 50 pm and 15 pm microspheres 

(1.5% and 2.6% respectively), but this percentage increased signi

ficantly for the smaller spheres when the animal was anesthetized 

(Kaihara et al., 1968). 

Since the usually low percentage of body shunting of 15 pm spheres 

is a result of nonuniform leakage, it does not exclude that signi

ficant leakage through a particular small segment of the circula

tion may occur (Utley et al., 1974). In this respect it is importan 

the significant difference between skin flows calculated from the 

number of trapped 50 pm and 2 5 pm spheres in the study by Warren 

and Ledingham (1974). Such anobservation suggests an escape of both 

15 pm and 25 pm microspheres through the small vessels of the skin, 

probably because of the existence of cutaneous arterio-venous 

shunts (Greenfield, 1963). This hypothesis is supported by the 

findings of Hales (1973b) who has reported that the percentage of 

microspheres recovered from both lungs after a left ventricle 
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injection of 15 μη spheres is as high as 22% in sheep exposed to 

warm environments. By contrast, only 1.6% shunting is found in 

the same species in thermoneutral environments. 

The significant shunting of 15 ym spheres which has been observed 

by de Swiet in the pregnant rabbit (in: Rudolph et al., 

1972) is likely to be a result of sphere leakage through the 

uterine vascular system and is probably limited to animals with a 

labyrinthine hemochorial placenta. 

In summary, it is apparent from the literature that evenness of 

mixing and distribution makes the use of 15 μπ\ microspheres prefer

able. However,caution is needed in interpreting the results if 

the shunting characteristics have not been determined for each of 

the organs under consideration. On the assumption that a shunting 

of significant magnitude exists, the flow measured with 15 ym 

spheres represents "capillary flow", and excludes what can be 

defined as "non-nutritional flow" through the organ (e.g., arte-

rio-venous anastomoses). 

3.2.4.3.Accuracy of the method 

The blood flow to a region of the body can be calculated using 

two different principles: 

a. 

Blood flow to a given region can be calculated by multiplying 

the fraction of radioactive particles retained by that region 

after injection into the arterial system with the cardiac 

output measured simultaneously by some independent method. 

Measurements of cardiac output and the fraction of the injected 

microspheres which is retained by an organ are both subject to 

error. The problems and limitations in relation to the measure

ment of cardiac output with dye dilution techniques have been 

discussed in detail elsewhere (Saadjian et al., 1972; Saunders 

et al., 1970). Following the injection of microspheres, seve

ral factors limit the accuracy of the distribution of radioacti

vity over the systemic microcirculation in proportion to 
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cardiac output. The variability in sphere diameter of commercial

ly available microspheres (34 Company, Minneapolis, Minnesota) 

results in increased variability of individual sphere radioacti

vity in view of the fact that the isotope concentration is relat

ed to sphere volume (i.e., to R ). Therefore, non-identical size 

distribution in the systemic capillary bed will introduce an error 

(Warren and Ledingham, 1975). This error in proportional distri

bution will exaggerate the statistical error which has been ana

lyzed by Buckberg et al. (1971). This last study shows that the 

variability in distribution of microspheres to any one organ ap

proximates a Poisson distribution; that is, if the mean number 

of microspheres reaching an organ in a large number of trials is 

X, the standard deviation of a single trial will be equal to \fîî. 

Therefore it is possible to estimate from the number of micro

spheres the theoretical 95% confidence limits of the measurement. 

For example, in order to obtain a flow measurement which is re

liable within 10% of the mean, it is necessary that the number 

of spheres on which the flow calculation is based should be at 

least 3Θ4 (2 χ -,ΟΛ =
 0-1)· Consequently, in planning an expe

riment, the investigator must be concerned about the actual num

ber of microspheres in the target organ. In comoanson with the 

error due to the number of microspheres, the radioactive counting 

error is of secondary importance, since it can be improved by 

longer counting times. 

Finally, another source of inaccuracy in estimating the fraction 

of microspheres delivered by cardiac output to a given organ will 

be the measurement of the total dose of microspheres injected 

into the left side of the heart (Hales, 1973a). 

On the whole, the fractional distribution principle of measuring 

organ blood flow has several potential sources of error. This 

fact, in addition to the requirements of an independent determi

nation of cardiac output, may have led to the widespread prefer

ence for the following alternative way of regional measurements: 
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The constant ratio of flow to radioactivity in organs and 

reference samples makes it possible to derive the flow to 

any organ if one single organ flow is known or a reference 

sample is obtained at the time of measurement. 

Measurements of one single organ flow may create a variety of 

technical problems depending on the reference organ used and 

the alternative method for flow measurement chosen (Domenech 

et al., 1969; Neutze et al., 1968; Rudolph and Heymann, 1967). 

The reference sample technique is the simplest of all. Its 

errors have been investigated thoroughly by Buckberg et al., 

(1971), who came to the conclusion that the precision of the 

reference sample technique depends mainly on the actual number 

of microspheres in organs and reference samples. As a general 

rule, error of the method is within acceptable limits when 

both target organ and reference sample contain at least 400 

microspheres. The withdrawal speed of the pump collecting the 

reference sample should be adjusted so that it collects a suffi

cient number of spheres in the reference sample. However, a 

very high rate of withdrawal should be avoided in order to 

prevent interference with the circulation. For this reason 

probably not more than one percent of the cardiac output 

should be removed at each sampling (Buckberg et al., 1971). 

Withdrawal speeds reported in the literature vary between 

1.08 ml.min~1in the fetal lamb (Makowski et al., 1972) and 

20 ml.min" in the dog (Domenech et al., 1969). The withdrawal 

period should cover the entire time interval during which the 

spheres circulate. Since Buckberg et al. (1971) noticed in 

healthy adult dogs and sheep that 98% of the microspheres in 

the reference sample were collected one minute after the 

end of the injection, it seems unlikely that continued 

sampling after 90 seconds will increase the reliability of the 

reference sample. Sampling after the end of the injection 

should be sufficiently prolonged so that it clears the dead 

space of the sampling catheter. 



34 

Good mixing at the injection site will lead to increased accura

cy in flow measurements. The left atrium has been suggested 

(page 29) as the best injection site in the adult animal. By vig

orously stirring the microsphere suspension durinq the injec

tion process (Rosenfeld et al., 1973) and by infusing the spheres 

at a constant rate, the homogeneous mixing of blood and micro

spheres at the injection site will be accomplished best. The in

jection should be carried out slowly, preferably over a one-

minute period or longer, thus decreasing the error due to small 

variations in the withdrawal speed of the reference sample and 

to rapid fluctuations in blood flow. The slow injection of a 

suspension kept at body temperature will also diminish the possi

bility of interference with the circulation. The place of refer

ence sampling should be chosen as close as possible to the 

target organ(s) to assure a representative reference sample. For 

example, to measure cerebral blood flow a carotid reference 

sample is preferable over a femoral reference sample because of 

a possible streaming phenomenon at the level of the aortic arch 

(Buckberg et al., 1971; Bartrum Jr. et al., 1974). 

The effects of one injection of microspheres on the distribution 

of a second injection have been studied by Warren and Ledingham 

(1974). By injecting twice a total dose of 300,000 microspheres 

into the rabbit they did not notice any significant effect on 

the distribution of cardiac output when 15 pm spheres were used. 

However, changes in distribution of cardiac output were detectable 

if the larger 25 ym and 50 um spheres were used. Buckberg et al. 

(1971) did not observe in dogs and sheep any detectable change 

in aortic and coronary blood flow or post-ischemic hyperemia in 

a branch of the left coronary artery after up to 6 subsequent in

jections of 1 million of 10 ν m microspheres.No effect of repeated 

injection of 15 vm spheres on the flow distribution to the kid

neys of the dog has been reported by Katz et al. (1971). The same 

conclusion can be drawn from experiments by Rudolph and Hevmann 

(1967) about the distribution of cardiac output in the fetal lamb. 

They injected repeatedly, up to 5 times, a dose of 50 urn micro

spheres into the fetal circulation. However,each dose was rela-
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tively small. Similar results for 15 pm spheres are reported by 

Suy et al. (1974) and Pannier et al. (1974) in dogs and rats, 

respectively. 

3. 2. 4.4 .Dieturbanoe of the cardiovascular function 

Microspheres injected into the systemic circulation will embolize 

a small fraction of the capillary system. Within certain limits 

this embolization should not give rise to any appreciable change 

in hemodynamic condition . Since the accuracy of the flow 

determinations depends on the total number of microspheres it is 

important to inject relatively large amounts of spheres if regions 

of the body with relatively small blood flows are studied. It has 

been demonstrated by several workers and in various species that 

a dose of microspheres large enough to permit an accurate calcu

lation of blood flow to all major areas of the circulation could 

be tolerated without a measurable effect on cardiovascular para

meters such as blood pressure and heart rate (Neutze et al., 1968: 

Rudolph and Heymann, 1967; Buckberg et al., 1971; Makowski et al., 

1972). 

The injection of very high doses of spheres may,however,induce 

acute changes which are more commonly observed when spheres with 

a larger diameter are used. These changes can be described as 

follows. Within a few seconds after the beginning of the injec

tion the blood pressure starts to rise (Warren, 1974; Aim, 1973). 

Bradycardia and irregular cardiac rhythms are observed. Several 

neurological symptoms, e .g., nystagmus, convulsions and hemiplegia 

may reveal damage to the central nervous system (Roth et al., 

1970) . Blood flow to various tissues may be altered. Aim and 

Bill (1973) were able to demonstrate a reduction in cerebral 

blood flow of up to 30 %. After a very large dose of 15 ym 

spheres there can be a measurable decrease in glomerular fil

tration rate (Warren and Ledingham, 1973), probably as a result 

of the blockage of a significant number of glomeruli (Katz et al. 

1971). It should be emphasized that observed pathological 

changes during large microsphere injections may partly be rela-
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ted to the experimental situation (Neutze et al., 1968). Smaller 

microspheres are tolerated better than larger ones. This has 

been demonstrated by Archie (1974), who injected 3 to 5 times a 

total amount of 1 million of 7 ym microspheres in conscious, 20-kg 

dogs, without finding any change in blood pressure, heart rate, 

or noticeable discomfort. 

The commercially available microspheres are nearly perfect sphe

rical objects and made of biologically inert plastic matrix 

(Grotenhuis, 1966). There is evidence that the tracer willneither 

be eluted from the microsphere nor be metabolized when present 

in a living animal for several weeks (Kaihara et al., 196Θ). 

3.2.S.Conclueione 

The microsphere technique is an important methodical advance 

in physiologic research. The circulation within small tissues 

(Aim and Bill, 1972) and parts of organs (Katz et al., 1971) has 

become accessible to investigation. 

Surgical procedures preceding the flow measurements are usually 

rather simple. Application of the technique to conscious animals 

is possible, and interference with normal physiology can be kept 

to a minimum. Slow measuring devices can be used since the ra

dioactivity accumulated in a particular organ is not subject 

to change in time as it is with diffusible isotopes. 

Nevertheless, there are several disadvantages associated with 

this technique. In anyone animal it is only possible to measure 

mean organ flow a few times, and each time for a brief period. 

No information can be gathered about rapid changes in flow, and 

it is not feasible to analyze precisely the details of any given 

change, such as delay of onset, stability with time, etc. To 

calculate a reliable mean flow, it is necessary that the orga

nism has reached a steady-state condition before the actual mi

crosphere experiment can be carried out. In many instances, the 

presumption of a steady state cannot be proved. Bronchial and 

hepatic portal flows are not measured when the microspheres are 

injected into the arterial system. 
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Finally, the animal has to be sacrificed in order to determine 

the radioactivity in the body tissues. 





CHAPTER IV 

BIOLOGICAL PREPARATION 

4.1. Animal model in prenatal research 

Among mammals, there are substantial differences in placental 

morphology, length of gestation, size and degree of development 

of the newborn. Therefore, great caution must be exerted in 

extrapolating observations from one species to another. The 

general plan of action, which was first suggested by Barcroft 

(1936),has been that of working out the fetal physiology of one 

species as thoroughly as possible and then of using this know

ledge in conjunction with fragmentary observations in other spe

cies, in order to build the comparative physiology of intra-ute-

rine life. Since Cohnstein and Zuntz (1ΘΘ4) first attempted to 

measure the oxygen consumption of fetal lambs, most of the ex

periments in fetal physiology have been performed in either 

sheep or goats. Sir Joseph Barcroft (1946) used these two 

species almost exclusively for his extensive investigation of 

fetal physiology. Sheep and goats have the advantage of being 

large enough for application of many techniques. The large fetal 

lamb allows implantation of catheters in a variety of medium-

size vessels of the circulatory system. The duration of gesta

tion is relatively long (150 days) as compared to small animals, 

and this is desirable for the systematic study of developmental 

changes in physiological processes. 

Another advantage of these species emerged when it became appa

rent that they are suitable for chronic experiments (Meschia et 

al., 1965) and can withstand extensive surgical trauma (Dawes, 

1968; Assali et al.,1962a) . The myometrium of ewes in late preg

nancy does not contract easily in response to surgical manipula

tion. Post-operative resistance to premature labor permits long-

lasting experiments during which the ewe has proved to be an 

easily manageable animal (Meschia et al., 1969). The relatively 

large blood volume of the fetus imposes few restrictions to the 
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repeated blood sampling which is required by chronic experiments. 

Numerous studies performed in the fifties and sixties have in

creased out knowledge about the physiology of the fetal lamb and 

have made it the standard point of reference to which observa

tions in other species are compared. 

Dissimilarities between the fetal lamb and the human fetus 

should be expected. The morphological differences between the 

ovine and the primate placenta are substantial and suggest 

important physiological differences. Within the 

fetal body it is obvious that the discrepancy in brain size be

tween the ruminant and primate fetus should produce major diffe

rences in fetal circulatory pattern (Behrman et al., 1970). In 

the human fetus at term, as much as 20% of the combined cardiac 

output may be flowing to the brain, as compared to 3% in the term 

fetal lamb (Rudolph et al., 1971). Inferences about the human 

fetus will be easier when data of good quality about 

other fetal primates will become available.However, it should be 

noted that differences in size and rate of growth within prima

tes could underlie important physiological differences. Research 

possibilities in the fetal monkey have been limited by technical 

problems but are steadily improving. Placental diffusion studies 

have been hampered by anatomical complexities in the uterine 

venous drainage (Battaglia et al., 1970). Sophisticated techni

ques have been difficult to apply in the rhesus monkey because 

the pregnant uterus contracts easily, the fetus is small, and 

the conscious mother is difficult to manage in a chronic experi

mental set-up. Several investigators have reported a high abor

tion rate after surgery (Misenhimer and Ramsey, 1970). However, 

a recent paper (Martin et al., 1974) shows that it has become 

possible to record fetal blood pressure and heart rate and sam

ple blood from a chronic fetal rhesus monkey preparation. 

In conclusion, the present state of the art in fetal physiology 

virtually limits a thorough investigation of normal fetal phy

siology to fetal lambs, but there are hopeful signs that similar 

studies will become possible in primates. 
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4.2. The chronic fetal animal preparation 

But for the last fifteen years, studies of fetal physiology were 

performed primarily under acute experimental conditions with the 

mother under various types of anesthesia. The development of a 

chronic fetal lamb preparation in the early sixties (Meschia et 

al., 1965) created the possibilities of measuring certain circu

latory and metabolic parameters in the resting unanesthetized 

state. 

Conclusions derived from acute experiments assume that the gene

ral anesthesia or the surgical trauma do not interfere with the 

response to certain stress factors that the investigator impo

ses on the physiological system. General anesthesia and acute 

surgical stress may,however,influence the experimental results 

in several ways. 

An important source of error in physiological experiments has 

been the interference with so-called "physiological reactance". 

An example of altered physiological reactance which may occur in 

either acute or chronic preparations would be the measurement of 

blood flow through a vessel by means of a flow probe which has 

adequate precision but obstructs the free flow of blood through 

that particular vessel. Drugs used for Induction of anesthesia 

may give rise to altered physiological reactance by 

modifying, for example, the cardiovascular system to a variety 

of physiological and pharmacological stimuli. Caritis et al. 

(1976) and Vatner et al. (1975) have demonstrated significant 

differences in the response of several cardiovascular functions 

to a number of physical and pharmacological agents when the anes

thetized and conscious animal preparation are compared. This 

can be explained by an interference of anesthetic drugs with the 

reflex control of the circulation (Vatner et al., 1971). 

The fetus is not protected against possible effects of anesthe

tic drugs. Rapid placental transfer of many anesthetic and an

algesic drugs leads to their rapid uptake by fetal organs, es

pecially heart, brain and liver which have a relatively high 

rate of blood flow (Finster et al., 1972) and may create a si-
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tuation in which the response to experimentally introduced sti

muli is altered. Assali et al. (1974) have noted an almost com

plete block of the neural control of the fetal cardiovascular 

function when phénobarbital was used. In addition, hypoxia and 

acidosis may strengthen the effect of several local anesthetic 

drugs such as those, used for induction of conduction anesthesia. 

This may lead to myocardial depression because of increased 

toxicity of these drugs in a partially asphyxiated fetus at le

vels which are well tolerated by the mother (Teramo and Widholm, 

1967). 

During acute experimentation the physiologic state may be alter

ed as a result of the surgical manipulation. Heymann and Rudolph 

(1967) noticed a consistent fall in umbilical blood flow after 

exteriorization of the fetus. This was at least partly related 

to an increase in placental vascular resistance. It has been 

reported (Meschia et al., 1965) that exteriorization in combina

tion with uterine contraction may cause a partial placental se

paration and this may lead to the increase in placental vascu

lar resistance. 

Catheterization of the umbilical vessels in the fetal lamb re

sults almost always in a fall of arterial oxygen tension (PO,) 

and a rise of the concentration of hydrogen ions and carbon 

dioxide (PCO,) (Rudolph and Heymann, 1973) while the effect of 

ligation of other major fetal vessels for experimental purposes 

may give rise to changes in the distribution of fetal cardiac 

output. It has for example been noticed in our laboratory that 

the ligation of one fetal femoral artery for the purpose of ca

theter implantation leads to significant impairment of blood 

flow to that particular hind limb that was still demonstrable 

one week after surgery. Although the area supplied by one femo

ral artery is small in relation to the total cardiac output, it 

needs to be emphasized that the simultaneous ligation of several 

major vessels during the experimental preparation may affect the 

normal distribution of cardiac output. 

A general effect of the acute experimental procedure on the 

fetal acid-base balance has been reported by de Haan et al. 
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(1975) and Vaughn et al. (1967). This effect was,however,contra

dicted by the results of Assali et al. (1974) who did not notice 

any effect on either standard bicarbonate or ρ H in the acute mar-

supialized fetal lamb. The increased heart rate in the fetus 

during surgery is probably a result of catecholamine release. 

Several metabolic and cardiovascular functions may remain alter

ed for several days after surgery. Interference with rapid ir

regular fetal breathing and the change in E.E.G. acitivity dur

ing the first three days after surgery have been attributed to 

general anesthesia (Dawes et al., 1972). 

Systemic blood pressure (Assali et al., 1974) and corticosteroid 

levels (Bassett and Thornburn, 1969) in the maternal blood were 

elevated for several days after the surgical procedure. The ef

fect of surgical stress on the fetus in the early post-operative 

period is reflected in unstable renal function. Fetal urine flow 

and osmolarity do not stabilize until the 3rd-6th post-operative 

day (Gresham et al., 1972). 

The length of the recovery period is very much related to the 

type of procedure and its duration. The effects of fetal sur

gery also seem tobe more marked in fetuses in later gestation 

(Rudolph and Heymann, 1973). 

It is concluded that acute experiments have the advantage of ex

tensive technical possibilities in comparison with a chronic 

preparation. Important questions as, for example, the changes in 

pulmonary and systemic circulation before and after lung expan

sion have been studied successfully in the acute animal prepara

tion (Assali et al., 1965). On the other hand it has been demon

strated that many important physiologic measurements are affec

ted by surgical trauma and anesthesia to such an extent that ex

trapolation to the normal animal is not warranted. In recent 

years many technical limitations of the chronic preparation have 

been overcome. Since the physiologic effect of a stimulus in 

the normal animal is not complicated by artificially induced ab

normalities in physiologic reactance, studies in the chronic 

preparation are preferable over acute experiments whenever 

possible. 





CHAPTER V 

MATERIALS AND METHODS 

5.1. Surgical procedures 

A total of 21 fetal lambs, western breed, were used for this 

study. Since accurate breeding dates for these animals were not 

known, an estimate of gestational age was obtained by way of pre

natal radiological evaluation. The postnatally measured birth 

weight (Gresham et al., 1972; Cloete, 1939) was used as the best 

approximation of the actual gestational age. Gestational age on 

the day of surgery was selected to be beyond 121 days (term is 

147 days), thus limiting the period of study to the last 3 weeks 

of pregnancy. 

Prior to surgery the ewes were starved for one to two days and 

received water ad libitum. On the day of surgery the ewes were 

sedated with pentobarbital (5 mg.kg ) injected intravenously 

through a jugular vein catheter and then given spinal anesthesia 

(6 mg tetracaine hydrochloride). 

The animals were placed on the operating table in supine posi

tion. During the subsequent surgical procedures pentobarbital 

was supplemented intravenously as required. 

A midline incision, approximately 20 cm long, was made in the 

lower anterior abdominal wall. The pregnant horn was exposed 

and the fetal head and front limb were identified by palpation 

through the uterine wall. In 10 fetal lambs the sagittal sinus 

was catheterized as described by Makowski et al. (1972). The 

next step in these 10 fetal lambs, or the first step in the 

remaining 11 fetal lambs was catheterization of the transverse 

scapular artery. The uterus and fetal membranes were incised 

over the acromion and a forelimb was delivered up to the shoul

der through the incision and exorotated. Hemostasis of the edges 

of the uterine incision was done by cauterization.The fetal skin 

was then shaved iust medial of the acromioclavicular joint and a 2 

cm incision was made, perpendicular to the long axis of the limb. 
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Fig 2.Diagram of the fetal cartliovascular system,The Location 
of the five fe ta l ca the te rs used in th is study is i l l u s t r a t e d . 
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By blunt dissection the cephalic vein was separated from the sub

cutaneous fat and connective tissue. This vein drains blood most

ly from superficial structures of the anterior side of the 

forelimb and discharges into the axillary vein approximately 4 

cm medial of the acromioclavicular joint. Below this vein and 

also surrounded by subcutaneous fat lies the transverse-scapular 

artery. This artery was freed from the surrounding tissue over 

a distance of 1 cm, ligated and used for the insertion of a cathe

ter which was advanced over a distance of approximatelv 7 cm. 

This resulted in positioning the catheter tip beyond the origin 

of the axillary artery and within the brachiocephalic arterv 

or the aortic arch. Hence obstruction of blood flow through the 

carotid artery was avoided. The catheter was tied in place with 

a silk suture around the vessel just proximal to the insertion 

site. The vessel was cut distally to the catheter insertion to 

prevent a change in catheter position because of growth or limb 

movement. A small drop of tissue adhesive (Eastman Products, N.Y.) 

was used on the insertion site to prevent slippage of the catheter. 

This catheter is referred to in fig. 2 as "a," and serves the 

purpose of collecting a reference sample of aortic blood rostral 

to the ductus arteriosus. 

In seven animals the cephalic vein was used for catheterization 

of the fetal heart. The procedure was as follows. A catheter was 

inserted into the cephalic vein and advanced approximately 8 cm 

towards the fetal heart. Then the catheter was connected to a 

pressure transducer in order to obtain direct and continuous 

information about the position of the catheter tip. Under care

ful observation of the pressure record the catheter was advanced 

until the pressure tracing indicated that the catheter tip was 

positioned circa 1 cm beyond the tricuspid value. The catheter was 

tied in place and the vessel was severed as described for the a, 

catheter. The right ventricular catheter, labelled "R.V." in fig.2, 

had the purpose of collecting a reference sample for the calcu

lation of lung blood flow. The fetal skin was closed with a con

tinuous 3-0 silk suture and both catheters were secured to the 

skin with a silk tie, leaving a catheter loop between this tie 
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and the site of insertion of the catheters. The forelinib was 

replaced into the amniotic cavity, the edges of the fetal mem

branes were pulled together and tied around the catheters and 

the uterine incision was closed with a continuous 3-0 silk su

ture. 

A second incision in the uterine wall was made near the tip of 

the pregnant horn over the hoof of a hindlimb which was then ex

teriorized to the level of the knee. A 2 cm longitudinal inci

sion was made on the anterior surface of the foot and a pedal 

vein was located. A catheter inserted in this vein was advanced 

30 cm towards the fetal body. This resulted in a position of the 

catheter tip in the inferior vena cava (I.V.C.) approximately 

at the level of the renal veins. This catheter, "V" in fig. 2, 

was used for the injection of radioactive microspheres. 

After tying this venous catheter in place, the fetal pedal arte

ry was exposed from underneath the tendon and catheterized. The 

catheter was advanced 30 cm in order to position the tip in the 

abdominal aorta. This catheter, "02" in fig. 2, served to with

draw a reference sample for the calculation of blood flow to 

organs situated below the ductus arteriosus. Both foot catheters 

were secured to the fetal skin and the leg was replaced. The 

other hindlimb was located by palpation and delivered through 

the same uterine incision. A catheter, "a," in fig. 2, was im

planted in the fetal pedal artery in the same way as described 

for a,. During the microsphere experiments this catheter was 

connected to a pressure transducer for continuous blood pressure 

tracing and fetal heart rate (F.H.R. in beats min-1) monitoring. 

After replacement of this hindlimb, a catheter with several 

side-perforations in the first 5 cm was inserted approximately 

30 cm deep into the amniotic cavity. Purpose of this catheter 

was to provide a baseline for fetal blood pressure measurements. 

Membranes were tied around the 4 catheters and the uterine wall 

closed in the same way as the first uterine incision. 

The free end of each catheter was closed with a metal pin, exte

riorized through a subcutaneous tunnel and placed into a pouch 

on the ewe's flank,as described previously (Meschia et al., 1965). 
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The animals were able to stand and eat within 6 hours after surg

ery. Postoperatively the sheep were kept in a cart containing an 

adequate supply of food and water. Antibiotics (0.5 gram strep

tomycine, 500 mg ampicillin) were given to the mother intramus

cularly the day of the operation and the following three days. 

Ampicillin (500 mg) was administred daily by way of the amniotic 

catheter starting on the day of surgery until the experimental 

procedures were completed. The catheters were irrigated daily 

with 0.5 ml of heparinized saline (1000 U.ml"
1
). 

All the catheters used in this study were polyvinyl chloride 

catheters
1
 with an internal diameter of 0.9 mm and an external 

diameter of 1.2 mm. Catheters were prepared as previously 

reported by Meschia et al. (1969). 

Prior to implantation into vessels the catheters were siliconized 

externally to facilitate the advancement of the catheter tip in

side the vessel. A minimum post-operative recovery of three days, 

or six days in the animals with an R.V. catheter, was allowed 

before repeated experimentation. 

5.2. Microspheres, preparation for injection 

Radioactive carbonized microspheres
2
 with a mean diameter of 

15+5 pm (S.D.) and suspended in 20 ml of 20% dextran were em

ployed. Three different isotope labels were used, namely: 

Chromium-51 (
51
Cr); Cerium-141 (

1 4 1
Ce); and Strontium-85 (85

S r
). 

To reduce the total amount of energy dispersed by higher energy 

isotopes into the lower ranges (fig.3), the specific activity 

(mCi.gram
-1
) of the three microspheres used was chosen in such a 

way that the highest counts per minute (com) per microsphere were 

obtained for the cerium spheres and the lowest for the strontium 

spheres.This was achieved best with specific activities of 35, 

1
 - P.V.C.ι Norton Co. Akron, Ohio, U.S.A. 

2 - 3M Company 
Nuclear Producta DepartjMnt 
ЭН Cantar Bldg 22Э-28 
St. Paul HLnnasota - 55101 - U.S.A. 
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51 141, 85, 10, and 1 mCi.gram
-1
 for " Cr, Ce, and Sr respectively. 

The total radioactivity of each shipment of microspheres was 

1 mCi for both
 1 4 1

Ce and
 8 5
Sr and 2mCi for Cr. The settling 

rate of the microspheres was slowed down by suspending them in 

20% dextran. Because microspheres have a tendency to aggregate 

a few drops of 5% Tween-80 are injected by the manufacturer in 

each ampul. The surfactant Tween-80 improves surface wetting and 

retards the aggregation process. 

Some characteristics of the microspheres employed in this pre

sent study are summarized in table 5-1. 

Since the actual number of microspheres in both organs and refer

ence samples is far more important than the actual counts 

(Buckberg et al., 1971), it was necessary to estimate cpm per 

microsphere. The procedure was as follows. A small piece of a 

coverslip was placed on a microscope slide. The original solution 

was shaken thoroughly and a small amount of the concentrated sus

pension was withdrawn into a 1 ml syringe. A tiny drop was then 



51 

35 

Table 5-l : Character i s t ics of the microepherea employod. 

Ce-1i»1 C r - 5 1 S r - 8 5 

Shipments used 
in this etudy 

Specific activity 
ordered (mCi,gram" ) 

Total activity 
ordered (шСі) 

Decay (Tfe; days) 

Counting window 
employes (keV) 

Initial cpm
t
micro

sphere- 1 (range) 

Average useful 
period (months) 

Number of experiments 
performed with each 4-9 3-6 
ahipmen t (range) 

1 

3 2 . 5 

4 · 5 * Ι 7 . 5 

16-22 

2-3 

2 

2 7 . 8 

320+Ί0 

7 . 3 - 8 . 7 

2 

1 

65 

51 Ί+βΟ 

3 . 3 - 5 . 2 

3-4 

placed on the cover slip. The microspheres in this drop were 

counted under a microscope using a cell counting grid. Because 

of counting convenience it was arranged not to exceed a total 

number of 500 microspheres per cover slip. The cover slip was 

transferred to a counting vial
1
 and the radioactivity of this 

known quantity of microspheres was determined. From the number 

of spheres in the drop and its measured radioactivity, the cpm 

per microsphere could be calculated. This procedure was repeated 

at least three times for each individual label to check the re

producibility of the result. The vials with the known number of 

spheres were left in the γ-counter to serve as standards through

out the period of use of that particular shipment. The predicted 

radioactivity,at a certain moment in time determined from half-

life curves calculated for each shipment, was compared with the ac

tual measured radioactivity in the standard vials prior to each 

experiment to test the counting efficiency over time of the coun

ting equipment used
2
. 

After the calculation of radioactivity per microsphere, the con-

1 - 15 nl glaia counting viti, for application in 
Nuclaar Chicago 11B5 Autogairsea. 

2
 - Nuclaar Chicago 1185; 3 - channel Autogana 
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centrated suspension was diluted as follows: 0.1 ml of the well-

mixed original suspension was counted and the microspheres per 

ml was estimated. From this estimate we calculated the total 

amount of microspheres in the 20 ml suspension and diluted it with 

sterile normal saline in a sterile stock bottle containing a magne

tic stirrer in order to obtain a microsphere concentration of 

approximately 300,000 microspheres.ml . This procedure does not 

have to be very accurate but caution needs to be exerted to main

tain sterile conditions. The diluted stock suspension obtained in 

this way was mixed vigorously for at least 10 to 15 min and while 

still being mixed small aliquote were distributed with a 2 ml 

pipette in five preweighted vials. The sample weights were deter

mined by reweighing each vial and the cpm per gram suspension was 

calculated. By dividing the cpm per gram of suspension by the cpm 

per microsphere, the number of spheres per gram could be derived. 

This value usually amounted to between 200,000 and 400,000 spheres 

gram . Twenty ml of the original suspension usually yielded 

between 60 and 120 ml of stock suspension, depending on the iso

tope used. About 15 ml of well-mixed stock suspension was trans

ferred to a sterile counting vial also containing a magnetic 

stirrer. This injection suspension was stirred overnight and 

heated to 39°С before being used for infusion into the fetal 

circulation. 

The injection of well-mixed microspheres during the experiments 

was accomplished by using the injection unit shown in fig. 4. 

This unit consisted of a rubber stopper which tightly sealed the 

vial containing the suspension of microspheres. This stopper, 

perforated by a piece of bent glass tubing and a 14-gauge metal 

needle, was sterilized prior to use. A three-way stopcock was 

connected to the glass tubing. 

After this entire unit had been weighed it was placed on a magne

tic stirrer-heater unit . The suspension was kept at about 39
0
C 

and stirred continously until the injection was completed. 

1 - S.P. 1010 S.B. - Hldget Stir Plate, Thennolyn·, 
Sybron Corporation, Dubuque Iowa, U.S.A. 
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14-gauge-
metal 

needle angled glass tubing 

wire fixation 
for security 

Fig 4.Schematic illuatration of the injection unit used in thia 

study.placed on β magnetic etirrer-heater unit.The glass tubxng 

was curved downwards to diminish the precipitation of 

microspheres in its lumen during injection. 
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5.3. Microspheres, preparation for the withdrawal of 

reference samples. 

The reference samples were collected directly into 15 ml counting 

vials. A hydraulic system was used to draw the reference samples 

at a constant rate. Fig. 5 illustrates the actual design of the 

procedure. 

Pig 5.Diagram of the reference earaple unit.A constant withdrewai 

rate is obtained by using the principle of a hydraulic system. 

The entire system was filled with normal saline and oil. By with

drawing oil from the reference sample vial with a withdrawal pump', 

a constant sampling rate of blood directly from the fetal circu

latory system into the counting vial could be accomplished. 

5.4. Experimental procedures 

The post-operative recovery of the fetal lambs was evaluated daily 

1 - Harvard 8-Syringe model 600-000 
Harvard apparatus Co., Millla, Masaachueette - U.S.A. 
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by measuring the F.H.R.' and fetal systemic blood pressure
2 

(F.S.B.P. in mm Hg) using the аЗ-catheter. The point of reference 

for F.S.B.P. was the amniotic fluid pressure. Hence, the 

F.S.B.P. in this study refers to the difference between mean 

abdominal aorta pressure and amniotic fluid pressure. The actual 

experimentation was planned between the third and fifth day for 

the animals with a sagittal sinus catheter and between the sixth 

and tenth day for the animals with a right ventricular catheter. 

Tig b.Variations in fetal oxygenation were induced by varying 

the maternal inspired oxygen. For this purpose a large plastic 

beg was pieced around the ewe's head. The bag was inflated 

with gaa Mixtures of varying oxygen concentrations. 

^ - Grass Tachograph. 

2 - Gould 200; Gould Inc. 18901 - Euclid Ave., Cleveland, 
Ohio, 44117, U.S.A. 
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Changes in fetal oxygenation were induced by exposing the ewe to 

different concentrations of oxygen in the inspired air by means 

of a large bag that completely enclosed her head (fig.6). At 

least one hour was allowed for equilibration with a new gas mix

ture. Oxygen concentrations ranging from 10 to 100 percent were 

administred in random order. Usually only a few minutes were 

needed for the ewes to get used to the bag. The F.H.R. and F.S. 

B.P. were monitored,using again the аЗ-catheter,from the begin

ning of the gas administration until the end of the experiments. 

At the end of each equilibration period blood flow measurements 

were performed after steady blood pressure and heart rates had 

been recorded for at least twenty minutes. 

Prior to each blood flow measurement all fetal catheters were 

flushed with heparinized saline and the position of the R.V. ca

theter was verified with the pressure transducer. Then the three 

reference sample vials were connected to the brachiocephalic 

(αϊ),the right ventricle (R.V.), and the abdominal aorta (a2) 

catheters while the injection unit was connected to the pedal vein 

catheter (fig.7). A 5 ml syringe filled with heparinized saline 

was connected to the side arm of the three-way stopcock of the 

injection unit, and with this syringe the air was first drawn out 

of the glass tubing and replaced with well-mixed microsphere 

solution (fig.7). 

At this moment the withdrawal pump was started (speed: 1.28 ml. 

min
- 1
). Close inspection of the three hydraulic systems was made 

to identify possible air leaks and the presence of free, even 

flow. These conditions are crucial for the accuracy of the measure

ment since a leak or uneven flow would indicate a slower with

drawal rate and this would give rise to an overestimation of blood 

flow. After a waiting period of at least 30 seconds the actual 

injection of the microspheres was started. Approximately 5 ml of 

the continuously stirred microsphere solution were slowly injec

ted into the fetal inferior vena cava (injection time between 1 

and 2 minutes). This was accomplished by forcing air through the 

14-gauge needle (fig.8) at a constant rate with a 50-ml syringe. 

The simultaneously measured F.H.R. and F.S.B.P. never indicated 
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Fig 7·Reference sample unit aa used m this study. 
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Fig θ.The actual expérimentai procedure as discuased in the text. 
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changes during the injection procedure. At the end of the injec

tion, the pedal vein catheter was flushed with saline from the 

syringe connected to the three-way stopcock. Meanwhile the with

drawal of the reference samples was continued for about 1*і mi

nute after completing the flushing. The three reference catheters 

as well as the injection catheter were then disconnected from 

the microsphere unit and 0.3 ml samples of arterial, right ven

tricular or sagittal sinus blood were collected into heparinized 

glass capillary tubes
1
. These samples were kept on ice until ana

lysis which was accomplished within 15 minutes of sampling. 

The total blood volume removed from the fetus during one injec

tion of microspheres was about 15 ml which is approximately 4% 

of fetal blood volume. One pair of samples was analyzed for o-

xygen content with a Lex-0 -Con.
2
 The other samples were used 

for measurement of P0
2
, PC0

2
 and pH with a Radiometer PHM.72 Mk 2

3 

at 39.5 С The hematocrit was determined during all blood 

flow experiments by the micro-capillary technique. The oxygen 

capacity of arterial blood was determined in 17 animals by 

measuring oxygen content after equilibration of the blood sample 

with atmospheric air. 

The three blood flow determinations in each fetal lamb were al

ways carried out on one single day. To diminish the effect of a 

previous blood flow experiment on the subsequent measurement at 

least one hour was allowed for equilibration with the new etas 

mixture. 

After the third injection of microspheres the plastic bag around 

the ewe's head was removed.A return to pre-experimental values of 

both F.H.R. and F.S.B.P. occurred always within the next hour and 

was considered as indicative of fetal recovery. Then the ewe was 

sacrificed, the pregnant uterus removed and the fetus delivered. 

In 3 out of 21 fetuses the amniotic fluid was meconium-stained. 

1
 - Scientific Product·» McGaw Park, Xlllnole, U S A 

2 - L«xln9ton Inetrumntsj Walthan, Hassachuaetts O S A 

3 - Radlonetar; Copenhagen, Denmark 
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The location of the tips of the fetal reference catheters was 

checked at autopsy in all fetal lambs. In two instances the tip 

of the o2-catheter was found in the popliteal area and did not 

provide an adequate reference sample. 

5.5. Tissue dissection 

The fetal body was then dissected, organ by organ, starting with 

the intra-thoracic organs. First»thyroid and thymus were located, 

carefully dissected, and placed in preweighed vials. Then the 

fetal heart was removed; both ventricles were opened and blood 

clots were removed. The major vessels were cut at the level of 

the valves and the remaining cardiac tissue was weighed and sto

red in a plastic bag to prevent desiccation. 

The fetal lungs were removed in toto, weighed and stored in a 

plastic bag after cutting the pulmonary vessels and bronchial 

tree as close as possible to the lung hilus. From the abdomen, 

the liver was dissected and prepared in the same way as the lungs. 

Spleen and pancreas are small organs and were placed in preweighed 

vials after being separated from surroundmq tissue. The 

intestinal tract was extirpated in toto and separated into the fol

lowing parts. The portion between the esophagus and the pyloric 

junction (stomach) was opened longitudinally. The mucus was rin

sed out with normal saline. The cleaned tissue, after being divid

ed into 8 pieces of approximately 7 grams,was placed inpreweigh

ed vials. The actual weight of the samples was then determined. 

The small intestine was divided into three parts: the first 25 cm 

beginning at the pylorus (considered as duodenum), the last 25 cm 

ending in the iliocecal valve (considered as terminal ileum), and 

the remaining portion of small intestine in between (considered 

as ileum/jejunum). These three portions were opened over the en

tire length and the contained debris vere washed out with normal sa

line. The duodenum and terminal ileum were placed in one preweigh

ed vial while the ileum/]ejunum was divided into five equal parts 

before being placed in preweighed vials. The subsequent prepara

tion of the colon was similar to that of the ileum/jejunum. 
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The next organs obtained from the fetal body by careful dissec

tion were adrenals which were placed immediately in a preweighed 

vial to prevent desiccation. The kidneys were taken out of the 

retroperitoneal area and the renal capsules were removed. 

After being weighed,both kidneys were stored in a plastic bag. 

From the fetal skeletal musculature» the soleus and gastrocnemius 

muscle were used. They were dissected from the hmdlimb where 

only one catheter (аЗ) had been implanted. These muscles too were 

directly placed into preweighed vials after being divided into 

approximately 5 gram samples. Two equal-size pieces of the over

lying skin were cut off to be used as lower-body skin samples. 

An aliquot of skin on top of the skull was used as an upper-body 

skin sample. 

Both fetal eyes were enucleated. Choroidal and retinal tissues 

were obtained as described by Aim and Bill (1972). 

The cranial vault was opened and the brain was removed in toto. 

Therefore all cranial nerves were cut at their entrance into the 

cranial cavity and the spinal cord was cleaved at the level of 

foramen magnum. The brain was then divided into three portions: 

The part rostral of the pons (cerebrum), the portion including 

pons and medulla oblongata (brainstem), and the cerebellum which 

was obtained by cleavage of the cerebellar peduncles.Brainstem 

and cerebellum were placed into preweighed vials,and the cere

brum, after determining the weight, into a plastic bag. The dis

section of the placental cotyledons was carried out as previously 

described (Makowski et al., 1968). All cotyledons were counted, 

weighed and stored in one plastic bag. At this point the dissec

tion of individual organs and tissues was considered complete. 

The remainder of the fetal body, referred to as "carcass", was 

treated as follows. Because of the different concentrations of 

microspheres in the arterial blood above and below the isthmus 

aortae it was necessary to subdivide the carcass into two pieces 

that receive their blood supply from vessels originating above οι 

below the isthmus aortae respectively. To determine this di

vision line
t
a separate, acute experiment was performed in two 

fetal lambs. 
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A catheter was implanted in the fetal right ventricle as describ

ed on page 47;and after replacing the fetal forelimb into the 

uterus and the uterus into the abdominal cavity, a dose of micro

spheres was slowly injected through this catheter. This led to 

accumulation of microspheres in the lungs and in the tissues be

low the ductus arteriosus while no radioactivity appeared in 

the tissues above the isthmus aortae. The fetus was then delive

red and sacrificed,and the division line of radioactivity in 

skin and underlying skeletal structures was determined by γ coun

ting of multiple aliquots of the thorax. The division line in the 

skin was located from approximately the fourth thoracic vertebra 

in the back to the attachment of the eight rib to the sternum. 

Subcutaneously this line was found to be more rostrally located, 

namely from the third thoracic vertebra at the back to the sixth 

rib close to the sternum. The scapular muscles did not accumulate 

any radioactivity and were considered as part of the "upper 

body". Only the paraspinal muscle had to be subdivided into two 

pieces because of accumulation of microspheres in at least 

part of this muscle. According to this study the sternum is sup

plied by vessels from above the ductus arteriosus. 

In a total of ten fetal lambs the carcass was cut into two parts, 

upper and lower carcass according to these results,and subse

quently ground separately with a Hobart grinder (Model 4332). 

From each of the two homogenates obtained five aliquots of ap

proximately 5 grams were taken and placed into preweighed vials. 

The organs initially stored in plastic bags were ground next
1 

after being diluted with a small amount of distilled water. 

The reason for this dilution was primarily to decrease the vis

cosity of each individual homogenate and facilitate the grinding 

process. The exact dilution was known and later corrected for ,in 

the blood flow calculations. From each organ homogenate five ali

quots were collected in preweighed vials. Since the height of the 

samples within the vials may affect the counting efficiency (Rosen-

feld et al., 1973),all tissue aliquots were kept below 1.0 cm 

1
 - Haring blandort Hodal 1163 
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height within the vials, so that the effect on counting effi

ciency would be within acceptable limits with the employed 

3-inch crystal detector. All the reference samples collected du

ring the experiment were centrifugad at 1500 r.p.m. for about 

three minutes to concentrate the microspheres at the bottom of 

the vials. 

Finally the radioactivity in each aliquot and reference sample 

was determined using the gamma scintillation counter. In each 

sample the actual number of microspheres was determined from the 

cpm.microsphere ^ and cpm.sample"!. All reference samples con

tained at least 800 microspheres. 

5.6. Radioactivity assay 

All three isotopes were counted simultaneously. The three energy 

spectra with their overlapping characteristics are illustrated 

in fig. 3. The emission peaks and window ranges chosen are 

listed in table 5-1. 

Before one set of samples was counted the gamma counter was ca

librated with a standard Cesium sample. The background activity 

was determined in an empty vial and the overlapping was measu

red by using the original standard samples prepared for each of 

the three isotopes at the moment of arrival of the shipment. Ra

dioactivity in each reference and organ sample was counted over a 

4-to 10-minute period. The complete set of samples was coun

ted within a 4-hour period,thus minimizing the effect of isotope 

decay. If necessary,the entire set of samples was recounted se

veral times to obtain a total of at least 20,000 counts for the 

reference samples in order to limit the counting error. 

All counting results were printed out on paper and all blood 

flows were calculated by means of the equation on page 26. 
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5.7. Estimate of the actual experimental error 

Several factors contribute to the error of measurement in the 

microsphere technique. By stepwise analysis of the accuracy or 

precision of each of these factors a rough estimate of the over

all experimental error was obtained. 

The accuracy of the measurement depends on the adequacy of sphere 

mixing in the arterial system. This error is difficult to 

estimate in the fetal condition. We have assumed that it is equal 

in magnitude to the average discrepancy in sphere number of 8.6% 

between the simultaneously obtained reference samples from both 

transverse-scapular arteries as has been reported by i4akowski 

et al. (1972) for fetal lambs. 

The actual number of spheres in the reference samples and in the 

nraans is important for the precision of the flow measurement 

(Buckberg et al-, 1971). The amount of microspheres in the refer

ence samples in this study was at least 800 microspheres. The 

standard deviation due to a limited number of microspheres can 

be estimated as previously described (page32 ). in case of a re

ference sample with 800 microspheres, the standard deviation is 

в00 г 28 s 3.5%. This standard deviation will become smaller 

tnan 3.5% for any number higher than 800 microspheres. Similarly 

the standard deviation for the variability in total sphere num

ber in the organ could be calculated. The 5 aliquots taken from 

homogenates of each of the larger organs (brain, heart, lungs, 

kidneys, intestine, placenta) always contained more than 10,000 

microspheres, yielding a standard deviation of 1% or less. Smal

ler organs (pancreas, spleen, adrenals and thyroid) contained at 

least 1000 microspheres leading to a standard deviation of 3.2% 

or less. 

To collect the reference samples a withdrawal pump was used. The 

irregularity in withdrawal rate was determined by weighing the 

amount of water collected from a vial over a 4-minute period with 

the experimentally used withdrawal rate. This yielded a standard 

deviation in withdrawal rate of 1%. 
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The entire process of organ dissection gives rise to errors which 

are related to each of the steps in the procedure. After the fe

tus is sacrificed and the organs are exposed, there is some desicca

tion of tissues which introduces an error in the wet weight. A 

reproducible, accurate dissection is easier to accomplish for 

the kidneys than for the intestinal tract or the placenta. 

Weighing the collected organs, diluting homogenates with a known 

amount of water, grinding the homogenate and sampling of ali-

quots involve errors. Based on the experimentally determined re

producibility, estimated several times for each of the organs»it 

was found that this entire process gave an average error of ap

proximately 5%. 

The accuracy of measuring γ-radiation in tissue samples has been 

studied in our laboratory by Rosenfeld (1973). Based on his re

sults the meniscus height of the tissue samples was kept below 

1.0 cm in the vials. This limits the decrease in the counting 

efficiency to 4.2%, Since all homogenates were centrifugea 

prior to radiation counting it is likely that the microspheres 

would be more concentrated at the bottom of the vial, which might 

have improved efficiency. 

The error in measuring radiation depended also on the total num

ber of counts determined in each sample. In both reference sam

ples and tissue samples the accumulation of a total of at least 

20,000 counts was pursued yielding a standard deviation of 0.7%. 

The different sources of error discussed in this paragraph are 

summarized in table 5-2. 

Assuming independence of the contributing errors, an overall es

timate of experimental error could be determined. To this end 

the squares of the errors were added and then the square root of 

the total was extracted. This is delineated in table 5-2. 

In summary it is concluded that the order of magnitude of the ex

perimental error is 12%. The major components of this error are 

inadequate mixing and limited number of microspheres in the 

reference sample. 
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Table 5-2 : Sources of experimental error 

Source of error 

Error 
small 
organe 

( * ) 

8.6 

3.5 

3.2 

1 

5 

it.2 

Squared 
error 
small 
organs 

7Ί.Ο 

12.3 

10.2 

1.0 

25.0 

17.6 

Error 
large 
organs 

( * ) 

8.6 

3.5 

1 

1 

5 

li.2 

Squared 
error 
large 
organs 

V^.o 

12.Э 

1.0 

1.0 

25.0 

17.6 

Inadequate mixing 

Number of spheres 
In reference sample 

Number of spheres 
In alIquoto/organs 

Irregularities 
associated with 
withdrawal pump 

Organ dissection 

Counting error 
related to 
meniscus height 

Counting error 
related to total 
counts reference 
β amp1e 

Counting error 
related to total 
counts in aliquote/ 
organs 

0.7 0.7 

squared errors 

Overall experimental error 

( ̂ Д squared errors ) 

)k J. 1 131.9 

n. 5* 



CHAPTER VI 

RESULTS 

6.1. Introduction 

Ten of the 21 preparations were equipped with a sagittal sinus 

catheter and were used to determine the effect of hypoxemia on 

cerebral oxygen consumption. The results of this study are repor

ted in detail elsewhere (Jones et al., 1975; 1977). In a 

total of twelve fetal lambs,the effect of varying arterial oxygen 

content on regional blood flow was studied. In contrast to a pre

vious study by Cohn et al. (1974) , which compared fetal hypoxic 

and normoxic states as two discrete conditions ,the relationship 

between organ flow and the degree of fetal oxygenation was ana

lyzed in this study over a continuous range of arterial oxygen 

content ( [ 02I ,mM). Although fetal arterial PO, (torr) and oxy

gen content were both measured (table 6-0) , only the latter para

meter was used for the mathematical descriution of the flow-

oxygen relations. 

Regional blood flows and [ 02] were measured under steady-state 

conditions of F.H.R. and F.S.B.P. A steady-state condition was 

defined as the state in which both F.H.R. and F.S.B.P. had been 

stable for at least twenty minutes. 

Besides the local effect of different levels of oxygen on blood 

flow, a possible general effect on fetal acid-base balance and 

F.S.B.P. was studied. The cardiac function under various steady-

state conditions of oxygenation was evaluated by means of the 

fetal heart rate, stroke volume, cardiac load and the combined 

ventricular output. 

According to the flow response to variations of [ 0-] four differ

ent groups of organs (or tissues) could be distinguished in the 

fetal body: 

1) Organs in which blood flow increased progressively in inverse 

relation to [0_]_. i a 
2) Organs in which blood flow decreased progressively with hypoxia. 
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Р0_ values measured sinultaneoualy with the 

arterial oxygen content in those fetal 1arabe, 

in which regional blood flow wae determined. 
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1 1 
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10 

3) Organs in which blood flow reached a maximum at a certain 

level of [О,] . 
¿ a 

4) Organs m which blood flow variability was not related to 

variations in [0-] . 

The results pertaining to these four groups of organs will be 

described first, followed by a description of the effects of al

terations in [0 ] on fetal acid-base balance, F.S.B.P., B.L.H.R. 

S.V., cardiac load and combined ventricular output. 

In this study, in general three blood flow values were obtained 

from each individual animal. Therefore a mathematical model was 

chosen for the description of the flow-oxygen relations which 
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allowed each animal to have its own "animal effect". Such an 

analysis would not require uniformity of data obtained from dif

ferent subjects. Apart from an additive correction factor for 

the "animal effect" in each of the fetal lambs, it was assumed 

in this analysis that, for each organ, the mathematical struc

ture of the flow-oxygen relation was identical for all animals 

combined. 

A major advantage of this analysis over the analysis based on 

pooled data is that the effect of oxygen on organ 

flow can be analyzed while possible effects of differences be

tween animals - due to systematic experimental error and biolo

gical variation - are filtered out. 

The experimental standard error in measuring blood flow was pri

marily a relative error (approximately 12%; page 65 ). It was 

assumed that the total standard error in flow observations was 

also proportional to the actual blood flow values since the va

riance due to experimentation was probably large in comparison 

to the possible intra-animal physiological variance, therefore 

error balancing according to the level of blood flow was perform

ed since this would most likely increase the accuracy in the 

mathematical description of the flow-oxygen relationship. For 

example, twice as much residual error was assumed to occur at a 

blood flow of 800 ml.min as compared to a blood flow of 400 

ml.min . The use of error balancing will influence the mathema

tical functions derived, since higher blood flow values are al

lowed to deviate more from the calculated regression lines. 

The entire analysis as described above, was termed "weighted 

least-square method". 

In order to evaluate the strength of the flow-oxygen functions 

constructed for the investigated organs in this study, the per

centage of intra-animal variations explained by a given flow-oxy

gen function was determined. Both the mathematical elaboration 

in connection with the calculation of such a "percentage" and 

the weighted least-square method are worked out in the appendix 

at the end of this chapter. 
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The weighted least—square method was only applied to those organs 

where a possible relation between flow and oxygen was suggested 

by a significant outcome of the Friedman two-way analysis of 

variance by ranks (Daniel, 1974). This analysis tested whether 

the rank order of the data points determined at different levels 

of [ 0-] in each lamb had significant consistency. In organs 

where the Friedman test resulted m an insignificant ρ value it 

was assumed that no relation between flow and [ CUl
 a
 could be de

termined and usually no further analysis was performed. 

A prerequisite for the analysis of a flow-oxygen relation is 

that observations made in individual animals should be sufficient

ly spread out over the oxygen range. The actively induced chan

ges in fetal oxygenation gave, in general, an adequate spread of 

[ 0-] within the twelve fetal lambs, as far as the ascending and 
¿ a 

descending aorta were concerned. In the seven animals which were 

equipped with a R.V. catheter the majority of data points were 

obtained in the oxygen range below 3 mM. This had some repercus

sions on the analysis of the lung flow-oxygen relationship and 

will be discussed later in this chapter. 

In the graphic illustrations of the results, up to twelve diffe

rent symbols were used to represent the two or three flow obser

vations obtained from each different animal preparation. Three 

additional symbols were used m a limited number of graphs. They 

represented three fetal lambs from which only F.S.B.P., F.H.R., 

PCO-, pH and [0-] data were available. In one of these fetal 

lambs flow observations were made but the flow results had to be 

excluded from further analysis because of unreliability due to 

technical problems. In all graphs the same symbol was used to 

refer to the same fetal lamb except where indicated differently. 

By measuring the PCO. and pH m the fetal blood together with the 

[0,.] a measure was obtained of the acid-base balance at dlffer-
¿. a 

ent levels of fetal oxygenation. In fig.9 it is illustrated that 

the PCO« in the experimental group varied over a narrow range. 

The majority of measurements resulted in PCO, values between 

35 and 50 torr. The simultaneously measured tOo'a l n t'le ascending 

aorta ranged from i.l to 6.6 mM. Arterial PC02, however, 
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tended to vary in the same direction as the IO-J _ in ten of the 

twelve fetal lambs, although the simultaneous reduction in PCO, 

in hypoxia was small m comparison with the concomitant decrease 

in [Ojlg. This tendency of PCOj to vary with [ 03]
a
 was due to a 

tendency of the ewes to hyperventilate when exposed to hypoxic 

gas mixtures. 

pH values at different levels of [ 0
2
]

a
 in the ascending aorta 

are illustrated in fig. 10. The pH varied within a narrow range 

when the [ Oj] was higher than 1.5 mM. In contrast to the PCO, 

there was no consistent trend m the pH changes when the [ 0,] 

in the ascending aorta was varied in individual animals between 

2 and 6 mM. Details about the relationship of pH and acid-base 

balance with fetal oxygenation will be discussed later in this 

chapter. 

6.2. Organs in which the blood flow increased progressively 

in inverse relation to arterial oxygen content. 

6.2.1. Cerebrum 

The relationship between cerebral blood flow (C.B.F. in ml.min 

100 g ) and[0
2
] in the ascending aorta is illustrated in 

fig. 11. 

The Friedman test indicated that the increasing trend of the 

C.B.F. in hypoxia was significantly noticeable within the indivi

dual animals studied (χ
Γ
 =13.4; d.f.=2; p<0.005). 

By the weighted least squares method the mathematical background 

of the apparently curvilinear C.B.F.-oxygen relation (fig.11) 

was explored. For this purpose several mathematical functions were 

evaluated concerning their adequacy to describe the C.B.F.-oxygen 

relation. The results are displayed in table 6-1. As is illustra

ted in this table, the reciprocal as well as the logarithmic 

function of I 0,1 yielded the lowest residual variability expres

sed in percentile errors of 16.6% and 16.4% respectively. Al

though the mathematical results suggest that both functions des

cribe the C.B.F. variations equally well, the reciprocal rela-
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Table 6-1 t Mathomatical functions evaluated for their adequacy 

In describing the C.B.F.-oKygen relation. 

Mathematical 
function 

Linear 
function 

Reciprocal 
function 

Logarithmic 
function 

Square root 
function 

Exponential 
function 

General 
equation 

Γ(χ)=μ*Β· 

r(x)= U + β· 

r(x)= μ + β· 

f(x)= ν + β' 

f(x)= u + β· 

'X 

1/x 

•In κ 

• ̂Г 

. β γ κ 

Estimate for 
porcentual 
error 

19.J* 

16.656 

1б.1>$ 

17.5* 

20.0* 

Degrees 
of 

freedom 

21 

21 

21 

21 

20 

tion was preferred since this function described the relation 

better for the I oj values between 4 and 6 mM and below 2.0 mM 

(fig. 12) 

The following equation was used to describe the C.B.F.-oxygen 

relation: 

C.B.F. = м + В ' 1 / [ 0
2
]

а
 + а - 6 -

where "y" is a constant equal for all the animals; "ß", the 

overall slooe of the function;and "a", the additive animal ef

fect. Correction factor α was determined in such a way that the 

sum of the 12 values of о was equal to zero. 

By the analysis employed the parameters of equation 6 were cal

culated, resulting in the following expression: 

C.B.F. = 50 + 310 -1/ ( 0
2
]

a
 + 0 - 7 -

The estimates for α are shown in table 6-2. The variability of a 

includes biological variation, due to factors other than I 0,1 , 

and the systematic errors inherent in the application of the 

microsphere technique in each animal. 

The function, expressed inequation 7,described the C.B.F.-oxygen 

relation well. This was indicated by the fact that 80% of the 
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Table 6-2 Eetitnates forain the С.В.F.-oxygen 

relation аз expressed in equation 6. 

Animal number Symbol Additive animal-
effect 

1 О -20 
2 a -9 
J · -2lt 

5 Δ -5Ί 
6 A +9 
7 * +6 
β + -17 
9 * -10 
10 В -li 

11 • »21 
12 • +52 

variation in the C.B.F. values was explained by the calculated 

function. The estimate for percentile error was determined to be 

16.6%. The major portion of this error was accounted for by the 

experimental error. Only a relatively small portion was due to 

variability in C.B.F. which could be the result of effects on 

C.B.F. of other physiological phenomena changing independently 

of [0
2
]

a
. 

Equation 7 could also be expressed as follows: 

C.B.F. · [o
2
]

a
 = 310 + lo2)a -(SO+oO - 8 -

This expression suggested that the product of oxygen and C.B.F. 

- the cerebral oxygen delivery - was related to the level of 

[0,] . In fig. 13 the distribution of the cerebral oxygen sup-
— 1 — 1 

ply in umol.min .100 q over the studied oxygen range is 

illustrated for the twelve studied fetal lambs. For the evalua

tion of the trend in cerebral oxyaen flow the following procedure 

was adopted: In equation 8 the slope of the function, (50+α), 

was determined for each of the animals. The consistency of a po

sitive slope in the majority of the 12 fetal lambs, which might 

indicate a consistent reduction in oxygen flow to the cerebrum 

in hypoxia, was evaluated by the application of the sign test. 

The results of this test are displayed in table 6-3. 
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Table 6-3 t The calculated slope In equation θ 

for each оΓ the studied animals. 

Алima1 number Symbol 

0 

α 
• 
7 
Δ 

α 

Calculated alopo 
( 50+ a ) 

30 
111 
26 

99 
-U 
59 
56 

33 
J.0 
46 

71 
102 

2 
3 
it 
5 
6 
7 
β 
9 
10 
π 
12 

sign test (two-sided): p<0.02 
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Аз is illustrated in this table the decreasing trend in cerebral 

oxygen flow by a reduction of[ OJ was found in 11 of the twelve 

fetal lambs. The sign test indicated that the trend was signifi

cant at the 5% level. 

The results of the relationship between [ OJ in the ascending 

aorta and C.B.F. can be suiwnarized as follows: 

1) Changes in C.B.F. within each individual animal were recipro

cally related to changes in [ OJ in the ascending aorta over 

the studied range of oxygen contents. The reciprocal function 

described the C.B.F.-oxygen relationship closely, as indicated 

by the high percentage of intra-animal variation explained 

(80%). 

2) In spite of the reciprocal relation between [ 0,]
 a
 and C.B.F., 

a consistent decreasing trend in cerebral oxygen flow was no

ticed when the [ OJ in the ascending aorta was reduced over 

the studied oxygen interval. 

6.2.2. Cerebellum 

At first sight the relationship between cerebellar blood flow 

(Ce.B.F. in ml.min .100 g ) and [ OJ in the ascending aorta 

showed close similarity with the previously discussed C.B.F.-

oxygen relation (fig. 14). As was noticed for C.B.F., a trend to a 

increase of Ce.B.F. at lower levels of [0,] was demonstrated with-

in individual fetuses (xr
1
= 12.8; d.f.=2; p<0.01). The weighted 

least-square method which was used to explore the mathematical 

structure of the Ce.B.F.-oxygen relation, gave rise to a similar 

general picture as was noticed previously for the C.B.F.-oxygen 

relation. The results are displayed in table 6-4. 

Also for the Ce.B.F.-oxygen relation it was noticed that both the 

reciprocal and the logarithmic function of [ OJ yielded the low

est percentile errors: 18.5% and 18.7% respectively. For similar 

reasons as have been discussed for the cerebrum, also for the 

cerebellum the reciprocal relation was preferred. In fig. 15 it 

is illustrated that both for the [ OJ values above 4 mM and be

low 2.0 mM the reciprocal function described the relation better 
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Table 6-k ι Mathematical functions evaluated for their adequacy 

in describing the Ce.B.F»-oxygen relation. 

Mathematical 
function 

Linear 
function 

Reciprocal 
function 

Logarithmic 
function 

Square root 
function 

Exponential 
function 

General 
equation 

f(x)= VI + θ . X 

f(x)= μ+ В . Ι/Χ 

f(χ)» μ + ß . In χ 

f(x)= μ
+
 θ .-/Γ 

f(x)= U+ β Λ
Ύ Χ 

Estimate for 
percentual 
error 

21,9* 

18. 5% 

IB.7* 

19.9* 

22.1* 

Degrees 
of 

freedom 

21 

21 

21 

21 

20 

than the loqarithmic function. Hence the Ce.B.F.-oxygen relation 

could be expressed by a similar function as was used for the 

С.В.F.-oxygen relation: 

Ce.B.F. = μ + β · l/[ 0
2
]

a
 + о - 9 -

where the parameters in the equation symbolized by μ, β and о. 

respectively, should be interpreted similarly as has been dis

cussed in detail for equation 6. 

The calculated parameters were transferred to equation 9, resul

ting in the following expression: 

Ce.B.F. = 59 + 425 · l/[0
2
] + a - 10 -

The estimated values for α in this equation are expressed in 

table 6-5. 

In the relation expressed in equation 10, 77% of the variability in 

Ce.B.F. were explained by changes in ^г'а*
 I n a d d i t i o n

» the 

estimate for percentile error was determined to be 18.5%. Also 

for the Ce.B.F. the major portion of this error was a result of 

experimentation, while only a limited part of this error could 

be due to variability in Ce.B.F. induced by physiological factors 

which changed independently of the [ 0.] . 
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Table 6-5 Estimates fora in the Ce.В.F.-oxygen 

relation as expressed in equation 9· 

Animal number Symbol Additive animal 

effect 

1 О -17 
2 О -18 
3 m -jo 
't V +59 
5 Δ -70 
6 Λ +30 
7 Α +37 

8 + -20 
9 * -13 
ίο α -ι? 
11 • +2 
12 D +58 

Equation 10 could also be expressed as follows: 

Ce.B.F. [0
2
]

a
 = 425 + l0

2
]

a
 · (59+a) - 11 -

The relationship between oxygen delivery to the cerebellum 

(umol.min . 100 g ) and oxygenation was analyzed in the manner 

already described (see analysis of cerebral blood flow).In fig.16 

the oxygen flow to the cerebellum is displayed in its relation 

to oxygenation. 

To evaluate the consistency of slope in equation 11 a similar 

procedure was followed as previously for the brain. For this pur

pose the value of (59+a) was determined for each of the twelve 

fetal lambs. These values which represented the slopes for the 

cerebellar oxygen flow in its relation to [Ojlg were subsequen

tly subjected to the sign test. The results are displayed in 

table 6-6. As is illustrated in this table the tendency of the 

oxygen flow to the cerebellum to decrease in hyooxia was notice

able in 11 of the 12 fetal lambs. In the sign test this trend 

was significant at the 5% level. 

Cerebellum and cerebrum were similar m their flow response 

to changing levels of oxygenation. Comparison of the two organ 

flows yielded, though, some interesting differences. Firstly,the 

Ce.B.F. was consistently higher than of all the 34 simultaneously 
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determined C.B.F, values. Secondly it was noticed that the flow 

ι ml, 
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was already indicated by the calculated difference in slope be

tween equations 7 and 10. The Friedman test was applied to test 

the suggested trend in absolute flow difference which is recog

nizable in fig. 17. Thereby a consistent increasing trend in ab

solute flow discrepancy within the group of studied animals was 

demonstrable when the [ Oj] _ in the ascending aorta was reduced 

over the studied oxygen range 1x^=7.2} d.f.=2,· p<0.05). 

The results on the relationship between [ Oj]
a
 in the ascending 

aorta and the Ce.B.F. can be summarized as follows: 

1) Ce.B.F. closely resembled C.B.F. in its response to variations 

of [ 0,] - The Ce.B.F.-oxygen relation was best described by a 

reciprocal function. This function could account for 77% of 
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the variability in Се.В.F. 

2) Oxygen supply to the cerebellum (Ce.B.F.·[0_ ] ) showed a con

sistent tendency to decrease in hypoxia. 

3) Comparison of Ce.B.F. with the C.B.F. indicated that blood 

flow per 100 g of tissue to the cerebellum was consistently 

higher than the simultaneously measured C.B.F. values. 

4) In hypoxia a consistent increase in the absolute difference 

between Ce.B.F. and C.B.F. was observed in favor of the 

cerebellum. 

6.2.3. Brainstem 

The brainstem was defined as that particular portion of the cen

tral nervous system that was obtained after cleavage just ros

tral to the pons and just distal to the place where the broad 

portion of the medulla oblongata nasses into the thinner cervical 

spinal cord. These two points were arbitrarily chosen because 

they were easy to identify macroscopically. Inherent to this 

dissection, though, was the uncertainty about the brainstem 

structures included in the tissue sample obtained By cutting 

the cerebellar peduncles at their proximal origin a total of ap

proximately 2 grams of neural tissue were obtained and will be 

referred to in the remainder of this thesis as the brainstem. 

The relationship between brainstem blood flow (Br.B.F. in ml. 

min . 100 g and [oJ in the ascending aorta is illustrated 

in fig. 18. The trend to increase flow as toJ decreases, which 

was noticed previously for C.B.F. and Ce.B.F., was also recogniz

able for Br.B.F. within the twelve individual fetal lambs 

(X
r

2
=10.4; d.f.=2; p<0.01). 

Analysis by means of the weighted least-square method led to simi

lar results in the mathematical structure of the Br.B.F.-oxy

gen relation as have been reported previously for the cerebrum and 

cerebellum. These results are displayed in table 6-7. For similar 

reasons as discussed for the C.B.F., also for the Br.B.F. 

the reciprocal function was preferred over the loqanthmic 

function. In this respect fig. 19 is self-explanatory. 
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covnriance nnnlyeie Tor the ЬгнIne tern blood Пам-ожу^еп 
re LnLIon. Both Гипс tlони express the r e l a t i o n for π Геіия with 
"nnlmal el feet" сципі to zero. The figure i l l u a t r a t e a that the 
гес ірюслі lune t i on deoci ibee the r e l a t i o n s h i p b e t t e r for the 
extreme port ions оΓ the studied oxygen i n t e r v a l . 

The Br.В.F.-oxygen r e l a t i o n could be expressed in a function 
s imilar to t h a t of the other two neural t i s s u e s . 

Br.B.F. l / [ 0 , ] + а 12 

The parameters in t h i s equation, symbolized by μ. В, and α. respe 
t i v e l y , have the same meaning as in equations 6 and 9. The calcu-
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Table 6-7 : Mathematical functions evaluated for their adequacy 

in describing the Br.B.F.-oxygen relation. 

Mathematical 

function 

Linear 

function 

Reciprocal 

function 

Logarithmic 

function 

Square root 

function 

Exponential 

function 

General 

equation 

Г(ж) = 

f(x) = 

f(«) = 

r(x) = 

г(*Ь 

υ+β-χ 

μ+0·1/χ 

μ
+
β · 1 η χ 

μ+0- ЯГ 

в-е*
Х 

Es 

pe 

tímate for 
rcentual 

error 

2 6 . 1 * 

2 1 . 5 * 

21.95t 

23.65t 

3 8 . 1 * 

Degrees 
of 

freedom 

21 

21 

21 

21 

20 

latea values for the parameters in equation 12 were transferred 

to that equation, giving rise to the following expression: 

Br.B.F. = 21 + 624 · l/[ 02] a + α - 13 -

The values for α in this equation are shown in table 6-8.By the 

reciprocal relation, reflected in equation 13, 77* of the varia

bility in Br.B.F. occurring in the individual fetuses was attri

butable to alterations in the [O^l-· In addition, the estimate 

for percentile error was determined to be 21.5%, slightly higher 

than noticed previously for the C.B.F.and the Ce.B.F., probably 

partly because of a steeper slope β. Only a small percentage 

of the total error could be due to the independent effect of 

other variables, since the major portion of the total error was 

a result of experimental error. 

Table 6-8 : Estimates for α in the Br.B.F.-oxygen 

relation as expressed in equation 12. 

Animal number 

1 
2 

3 
it 

5 
6 
7 
8 
9 
10 
1 1 

12 

Symbol 

О 

α 
• 
ν 
Δ 
А 
А 
+ 
* 
α 
• 
D 

Add 
e 
itive animal 

ffect 

+ 18 

-Ό 
-69 
«88 
-65 
-17 
-16 
«8 
-1» 
-19 
•m 
• 79 
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Equation 13 could also be expressed as follows: 

Br.B.F. 
•
[ 0
2

J
 a 

624 + (21+a) ·[ OJ , 
¿ а 

14 

A possible correlation between the oxygen delivery to the brain

stem (in mol.min .100 g ) and the level of oxygenation would 

be indicated by a consistent negative or positive slope (21+a) 

in equation 14 in the studied group of fetal lambs. In fig. 20 

the oxygen flow to the brainstem is displayed in its relation 

to oxygenation. For the analysis of a possible dependency of the 

oxygen supply to the brainstem upon oxygenation a similar proce

dure was followed as previously described for the cerebrum and 

the cerebellum. The results are displayed in table 6-9. This tab

le illustrates that the tendency of the oxygen flow to the brain

stem to decrease in hypoxia was seen in 9 of the 12 fetal lambs. 

The sign test, though, indicated that this trend was - in con

trast with the cerebrum and cerebellum - not significant (p>0.1). 

Thus, it would appear that the oxygen delivery to the brainstem 

was independent of the level of oxygenation within the range of 

[ O,] _ which was tested. 

The interrelation between Br.B.F. and C.B.F. was investigated 

and showed that Br.B.F. was consistently higher than C.B.F. for 

each of the 34 simultaneously determined values, although the 
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Table 6-9 : The calculated slope In equation 14 for 

each of the twelve studied animals. 

Animal number Symbol Calculated slope 
(21+0 ) 

1 
2 

3 
1« 

5 
6 
7 
β 

9 
1 0 
1 1 
12 

О 

α 
• 
ν 
Δ 
Α 
Α 
+ 
* 
α 
• 
α 

+ 3 9 
- 2 2 
- 4 8 
+ 109 
-1,1, 

+ Ί 
+ 5 
+ 2 9 
+ 17 
+ 2 
+ 6 2 
+ 1 0 0 

sign teat (tvo-aided): ρ > 0. 1 

inter-animal variability was considerable. Furthermore - as is 

illustrated in fig. 21 - the flow difference between brainstem 

and cerebrum became larger at lower levels of [ О.] . It is also 

• о 

• ν 

*.. - * « D 

1 2 3 4 5 6 ( mM ) 
oxygen content ascending aorta 

Pig 21.Relationship of brainete» cerebral flow difference and 

oxygen content In the aacendlng aorta. 
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shown in this graph that the change in flow difference was spread 

out over the entire range of studied oxygen values. The changing 

trend in the flow difference between these two neural tissues 

- evaluated similarly as has been discussed for the difference 

between cerebellum and cerebrum (page 82) - was also found to be 

significant (Хг^Э.в; d.f. = 2; p<0.05). 

The Br.B.F. was subsequently compared to Ce.B.F. and it was noted 

that the differences were less pronounced than the differences 

between Br.B.F. and C.B.F. This might be ascribed to the fact 

that the Ce.B.F.-response to changes in oxygenation was in gene

ral intermediate between C.B.F. and Br.B.F. Although the Br.B.F. 

was not consistently higher for each of the simultaneously de

termined Ce.B.F. data, some interesting interrelations could be 

distinguished when the difference in flow between these two 

neural tissues was analyzed, in fig. 22 it is illustrated that, 

for oxygen values higher than 2 mM, the flow differences between 

3 4 5 6 ( m M ) 
oxygen content oscendingoorta 

Fig 2 2 . H * l a t i o n a h l p of the b r a i n e t e * c e r e b e l l u n flow d i f f e r e n c e 

refiained арргокіем te 1 y unchanged i n the ожуееп renge between 2 

and 6 mH. By reducing the a r t e r i a l oxygen content b e l o * 2 mH 

the discrepancy between the two organ flowa increased r a p i d l y . 
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brainstem and cerebellum were small without specific trend in 

relation to oxygenation. However, a reduction of [ Ο,Ι below 

2 mM was paralleled by a consistent increase in flow difference 

between brainstem and cerebellum in favor of the brainstem. Ap

parently the observed pattern in flow difference between these 

two neural tissues changed abruptly below the 2 mM level of [ 0,1 . 
ζ a 

Probably because of this uneven distribution, an overall trend 

in the flow differences over the entire studied oxygen range 

was not demonstrable with the Friedman test (χρ =3.8; d.f.=2; 

pXl.l). Therefore these flow differences over the oxygen inter

val were evaluated as follows: One data point at either side of 

the 2-inM mark was selected at random for each of the animals, 

from which flow data were obtained in both portions of the oxy

gen range. By applying a paired t-test it was demonstrated 

that the increase in flow difference for oxygen values reduced 

below 2-niM level was significant (t=4.60; d.f.=7,· p<0.005). 

The results on the relationship between [ 0,] in the ascending 

aorta and the Br.B.F. can be summarized as follows: 

1) A reciprocal function of [ 0_] best described the flow-oxygen 
ζ a 

relation in the brainstem. With this function 77% of the va

riability in blood flow could be explained by variations in 

^ a · 

2) The oxygen delivery to the brainstem did not change signifi

cantly in relation to oxygenation within the 1 to 6 mM range 

of arterial oxygen content. 

3) Comparison of Br.B.F. with C.B.F. indicated that the Br.B.F. 

was consistently higher than the C.B.F. for each of the 34 

simultaneously determined C.B.F. values. The increase in Br. 

B.F. in hypoxia was significantly larger than the increase 

in C.B.F., indicating a redistribution of blood flow in favor 

of the brainstem. This redistribution seemed to occur at any 

level of [ 0-] over the studied oxygen range. This was 

indicated by the observation that the change in absolute dis

crepancy between the two flows was spread out over the entire 

oxygen range. 
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4) Comparison of Br.В.F. with the Ce.B.F. indicated that the 

magnitude of the flow change in these two tissues was compa

tible in the oxygen range between 6 and 2 mM, while below 

2 mM an abrupt widening in the flow difference was observed 

in favor of the brainstem. 

The results on intracranial blood flow can be summarized as 

follows: 

1) The blood flow to intracranial neural tissues changed recip

rocally in relation to [ 0-] . 

2) The oxygen delivery to cerebrum and cerebellum showed a sig

nificant tendency to decrease in deepening hypoxia, while 

this could not be demonstrated for the brainstem. 

3) The intracranial blood flow showed a tendency to be redistri

buted in hypoxia from cerebrum to cerebellum and brain

stem. Below 2 mM [ 0
?
] there was also a redistribution of 

blood flow within the latter two neural tissues in favor of 

the brainstem. 

Altogether the occurrence of redistribution of intracranial 

blood flow suggested that especially the brainstem and to a 

lesser degree the cerebellum enjoyed extra protection against 

the risks of hypoxia. 

6.2.4. Myocardium 

Another organ where the blood supply was increased in hypoxia 

was the heart. Although the cardiac tissue obtained 

by dissection (page 60) contained not only myocardial muscle, 

but also endocardial epithelium and it was referred to 

as "the myocardium". The increase in myocardial blood 

flow (M.B.F. in ml.min" .100 g ) with hypoxia resembled the in

crease in flow of the intracranial neural tissues. The relation

ship between M.B.F. and the [ 0
?
] in the ascending aorta is il

lustrated in fig. 23. 

The trend for M.B.F. to increase in hypoxia was significant with

in the twelve fetal lambs (x
r

2
=13.0; d.f.=2; p<0.005). Subsequent 

analysis resulted in a picture similar to that described pre-
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viously for the three neural tissues. The results are displayed 

in table 6-10. 

Table 6-10 ι Mathematical functions evaluated for their adequacy 

in describing- the M.B.F.-oxygen relation. 

Mathematical 
function 

Linear 
function 

Reciprocal 
function 

Logarithmic 
function 

Square root 
function 

Exponential 
function 

General 
equation 

f(x)= V+ B-X 

f(x)= μ + B"l/x 

f(x)= μ + β·1η χ 

f(x)= μ+ 0·^Γ 

f(x)= μ
+
 β·β

Ύ Χ 

Eetxmate for 
percentual 
error 

25.3* 

I8.lt* 

19. Ь* 

22.7* 

25.0* 

Degrees 
of 

freedom 

21 

21 

21 

21 

20 

The reciprocal function described the M.B.F.-oxygen relation bet

ter than any of the other four functions.Also for the M.B.F. it 

was thought to be illustrative to draw the calculated line for 

both the logarithmic as well as the reciprocal function together 

in one single graph. Fig. 24 illustrates what was also observed 

for the neural tissues, namely that the logarithmic function 

failed to describe the M.B.F.-oxygen relation well· especially 

for the extreme portions of the studied oxygen range. There

fore it was concluded that the M.B.F.-oxygen relation could be 

adequately described by the function used earlier for the intra

cranial neural tissues, namely: 

M.B.F. = ν + θ · 1/ tÔ  + α - 15 -

The parameters in this equation symbolized by p, ß, and α res

pectively, should be interpreted as discussed in detail for 

equation 6. 

By transferring the calculated values for the parameters μ and 

В to equation 15, the following expression was obtained: 

http://I8.lt*
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M.B.F. = -13 +759 · ̂ ЛОг'а
 + α

 "
 1 6 

The estimated values for α in this equation are shown in table 

6-11. 

Table 6-1) : Estimatee for α in the M.B.F.-oxygen 

relation as expressed in equation 15· 

Aninal number Symbol Additive animal 

effect 

1 
2 

3 
Ь 
5 
6 
7 
8 
9 

10 
1 1 
12 

О 
Φ 

• 7 
Δ 
А 

к 
+ 
* α 
• D 

- 1 7 
+ l< 
- l i t 

- 1 7 
+ 32 
- Ί 7 
+ 8 3 
- 3 6 
- 1 
- 1 

0 
• ι Ί 

In the reciprocal function expressed in equation 16, 85% of the 

variability in M.B.F. was explained by changes in [On'a* 'Ii^e e s -

timate for percentile error was 18.4%, i.e. similar to that ob

tained in the analysis of the neural flows. However, the slope 

was much steeper than for any of the flow-oxygen relationships 

discussed earlier, thus permitting a somewhat stronger corre

lation between M.B.F. and l/[Oy]
a
· Only little error would remain 

unexplained after subtraction of the error due to experimentation. 

Equation 16 could also be expressed as follows: 

M.B.F.'[0
2
]

a
 = 759 + [0

2
]

a
 -(а-ІЗ) - 17 -

In fig. 2 5 the oxygen flow to the myocardium is displayed in its 

relation to [0,]_. The relationship between oxygen flow and [ 0-] , 
Z CL ¿ a 

was analyzed as previously done for the neural tissues. The re

sults are displayed in table 6-12. In this table it is illustra

ted that no significant trend in the oxygen flow to the myocar-
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Table 6-12 : The calculated slope In equation 17 for 

each of the twelve studied animals. 

Animal number 

1 
2 
3 
Ί 
5 
6 
7 
β 
9 
10 

Symbol Calculated slope 

(a - О ) 

-30 

-9 
-27 
-30 

+ 19 
-60 
+70 

-49 

-14 
-14 
-13 
+ 1 

sign test (two-sided): ρ >0.1 
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diurn could be demonstrated (ρ > 0.1) over the studied oxygen ranqe. 

Comparison of the M.B.F. with the flow to the intracranial neu

ral tissues indicated: 

1) A reciprocal relation between flow and [ 0-] best explains 

the changes of flow with hypoxia. 

2) The change of M.B.F. in relation to oxygenation is larger 

than for any of the three neural blood flows. 

6.2.5. Adrenals 

The relationship between adrenal blood flow (Ad.B.F. in ml . 

min .100 g ) and [0-] in the abdominal aorta is illustrated 

in fig. 26. The graph shows that the Ad.B.F. was higher in hypox

ia in each of the twelve studied fetal lambs. This phenomenon 

found expression in the high significance of the Friedman test 

(Xr2=22.2; d.f.=2; p<0.0005). 

By analysis based on the weighted least-square method the mathe

matical background of the Ad.В.F.-oxygen relation was identified 

The results of the analysis are displayed in table 6-13. 'This 

table shows that both the reciprocal and the exnonen-

tial function describe the Ad.B.F.-oxygen relation equally well. 

The calculated line for both functions was almost identical 

Table 6-13 : Mathematical functions evaluated for their adequacy 

in describing the Ad.B.F.-oxygen relation. 

Mathematical 
function 

Linear 
function 

Reciprocal 
function 

Logarithmic 
function 

Square root 
function 

Exponential 

General 
equation 

r(x) = 

f(x) = 

f (xb 

Г(х)-= 

f (x) = 

11 + 

V-t-

Ut 

υ* 

ν* 

Β·χ 

β·1/χ 

Β·1η χ 

е г-

». τ-

Estimate 
perrentua 
error 

Ή . 7 * 

30.3* 

35.2* 

38. β* 

30.6* 

for 
1 

Degrees 
of 

freedom 

23 

23 

23 

23 

22 
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(fig. 27). Since the reciprocal function was simpler and contain

ed one parameter (γ) less, it was preferred over 

the exponential function for the description of the Ad.B.F.-

oxygen relation. 

The Ad.В.F.-oxygen relation could be expressed in the following 

equation: 

Ad.B.F. = μ + 6 · 1/ [0^ + a - 18 -

where the parameters in the equation symbolized by ji, β, and α 

should be interpreted as previously described in detail for 

equation 6. By the analysis based on the weighted least-square 

method the parameters in equation 18 were calculated. By substi

tution of these values into equation 18 the following expression 

was obtained: 

Ad.B.F. = 46 + 835 · 1/ [O^ + о - 19 -

The twelve estimates for α which were calculated in relation to 

the reciprocal Ad.B.F.-oxygen function are shown in table 6-14. 

Table 6-ik : Estimates for α in the Ad.B.F.-oxygen 

relation as expressed in equation lU. 

Алішаі number Symbol Additive animal 

effect 

1 О - 150 
2 α »S? 
3 · -100 
Il ν »I?* 
5 Δ -ιΊο 
6 А *24 
7 А +97 
8 + »51 
9 * -63 
10 U +80 
и • »7 
12 D -37 
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In fig 27, the reciprocal function seems less steep in se

vere hypoxia than the flow data in that range indicate. 

This is probably inherent to the analysis employed, in which an 

equal contribution to the slope of all animals was assumed inclu

ding those that were not represented in the oxygen range below 

1.5 mM [02la. 

In equation 19, 63% of the total variability in Ad.B.F. could be 

considered as resulting from variations in [ £)_] in the abdomi

nal aorta. In addition the estimate for percentile error in this 

model was 30.3%, which is almost twice the error found in the 

M.B.F.-oxygen relation. This observation suggests that variables 

other than oxygen may contribute substantially to the regulation 

of Ad.B.F. 

Not only because of the increased scatter in the Ad.B.F.-oxygen 

relation,but also because of physiological irrelevance it was 

thought to be immaterial to evaluate the oxygen delivery to the 

adrenals in its relation to [ 0.] in the abdominal aorta. This 

will be discussed in detail in the following chapter. 

The results on the relationship between Ad.B.F. and [ 0-] 

in the abdominal aorta can be summarized as follows: A reciprocal 

function of [ O2'a ':>est described the variation in Ad.B.F. over 

the studied oxygen interval. With such a function 63% of the va

riability in Ad.B.F.were explained by variations in [0-] . 

6.3. Organs in which the blood flow decreased progressively in 

hypoxia as a function of arterial oxygen content 

6.3.1. Lungs 

In seven fetal lambs a catheter was placed in the right ventricle 

which allowed the withdrawal of a right ventricular sample and 

therefore also the calculation of lung blood flow (L.B.F. in ml. 

min" .100 g ). In their flow response to changes in [ 0-] in the 

right ventricle the lungs were different from any other organ in 

the fetal circulatory system. In fig. 28 the changes in L.B.F. 

are illustrated as they occurred at different levels of fetal 

oxygenation. 



99 

3 4 5 6 ( m M ) 
oxygen content right ventricle 

lationship of lung blood flow and oxygen content in 

v«ntricle. 

г τ , 9 1 · i> г - 7 'е«-[о г ] а 

F.1î7-51ln(621-[02]0)»o 

F. 34О75 . ' « » [ ^ . α 

-ιihn*-* rr 

(»•О) 

(α·0) 

(o-O) 

я 

* ^ 

I 

Χ 

I 
/ I 

/ . · · • / 

3 4 5 6 (mM ) 
oxygen content right ventricle 

rae curvilinear funetlonet the reciprocal. the 

*L and the Logarlthmic function, calculated by 

e analyala for the deacrlptlon of the flow-ожувеп 

of the lunga, are llluatrated. Covarlanc« anelysle 

be Inadequate for the ежріогаііоп of thla flow-oxygan 

probably becauae of data clustering In the oxygen 

ow l* mM. 



100 

The consistency of the decreasing trend in blood flow at lower 

levels of [ 0
o
] was significant within the group of seven anl-

2 
mals (xr =10.8; d.f.=2; p<0.005). By the analysis based on the 

weighted least-square method, the mathematical structure of the 

curvilinear L.B.F.-oxygen relation was explored. For this pur

pose three mathematical functions were evaluated as to their 

adequacy to describe the L.B.F.-oxygen relation. The results are 

expressed in table 6-15. 

Table 6-15 : Nathenatical functions evaluated for their adequacy 

in describing the L.B.F.-oxygen relation. 

Mathematical General Estimate for Degrees 
function equation percentual of 

error freedom 

Reciprocal f ( x ) =
y +
_ | _ 46.2^ 12 

function ' 

Exponential f(*)= V* β·β
Υ Χ Ь9.81, 12 

fune 11 On 

Logarithmic ?(*)= V* B'ln (γ-x) 1(Ί.9^ 12 

function 

In this table it may be seen that all the functions yielded a 

large estimate for percentage error. The three calculated lines 

are drawn in fig. 29. As is illustrated in this graph it seems 

that none of these functions describes the L.B.F.-oxygen rela

tion satisfactorily. Probably the analysis employed was less ade

quate for the description of the L.B.F.-oxygen relation, which 

may be due primarily to the fact that the majority of flow data 

were obtained in the range of oxygen below 4 mM where the varia

bility in L.B.F.-values was relatively small. 

The data-points in fig. 28 indicate that the L.B.F. does not 

change very much in the range below 4 mM and that a progressive 

rise in L.B.F. seems to occur when the [ 0_] is increased above 

4 mM. To get an impression about the L.B.F. at different levels 

of oxygenation, the studied oxygen range from 1 to 7 mM was divid

ed into portions of 1 mM. The flow data of each animal were dis

tributed according to [0-1 over 5 subsections of the oxygen 
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range. If one animal was represented twice in a c e r t a i n subsec-

T a b l e 6 - 1 6 ι D i s t r i b u t i o n o f L . B . F . d a t a o v e r 3 e q u a l 

s u b s e c t i o n s o f t h e o x y g e n r a n g e . 

Animal 
symbol 

A 

A 

+ 

* 
Я 

m 
a 

MEAN 

S.E.M. 

Ш 0 2 ] а < 2 

18 

itS 

21» 

Jk 

£8 

Ό 
119 

5 0 * 1 3 

г-Ч o 2 ] < 3 

23 

71 

і^+гі» 

3 < [ o . j < Ί 

9Ί 

/«β 

1 12 

85+19 

ц<іо

гК
<5 

Ь85 

298 

119 

3 0 1 + 1 0 6 

6<Í02i < 7 

861. 

861. 

~ 900-

¿5' 
О 

¡ 700-
Ё 
•л 

5 500-

|зоо-

| 100-
τ 

іД» 
τ 

nil п.Э - э п . і 

4 5 6 { mM ) 
oxygen content right ventricle 

Fig ЭС.Неап (•S.E.H.) lung blood flowa c a l c u l a t e d f o r 5 

eubsectiona of the studied oxygen range. The l e t t e r "n" i n each 

block represente the nunber of anienle which provided d e t n -

polnte f o r each p a r t i c u l a r aubeecl ion. 



102 

tion , one of the two L.B.F. values for that animal in that par

ticular range of the oxygen interval was chosen at random and 

used to represent that animal in that particular subsection. In 

this way all the flow data represented in each of the five ar

bitrarily chosen subsections were obtained from different ani

mals. For each interval a mean L.B.F. was calculated and - if 

enough data were available - also the S.5.4. The results are dis

played in table 6-16. The results listed in table 6-16 are 

illustrated in fig. 30. This graoh shows that L.B.F. 

increased progressively when the level of oxygen in the right 

ventricle was elevated. 

Although the number of data points obtained for the analysis of 

the L.B.F.-oxygen relation was limited the following qualitative 

conclusions about this relationship could be drawn: 

1) In the studied group of 7 animals a consistent rise in L.B.F. 

was noticed when the [ O j in the right ventricle was increa

sed.This trend was highly significant (p<0.005). 

2) The mathematical structure of the L.B.F.-oxygen relation re

mains unsettled, although the expressed data ooints indica

ted a progressive rise in L.B.F. with improving oxygenation. 

This is expressed in a larger change in L.B.F. per mM of [ 0-] 

in the higher ranges of the oxygen scale, especially for 

values of [ 0-] above 4 mM. 

3) Further analysis on a larger group of animals will be neces

sary to allow quantitative conclusions. 

6-4 Organs in which the blood flow reached a maximum at a cer

tain level of arterial oxygen content 

Many organs in the fetal body (skeletal muscles, skin, thyroid, 

thymus, kidneys, pancreas, spleen, and various parts of the in

testinal tract) ,responded to variations in I ol with this kind 

of flow pattern. Only three interesting organs in this group were 

selected for discussion in the context of this thesis. 
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6-4-1- Kidneys 

In twelve fetuses - the same as were used for the study of the 

Ad.B.F. - the renal blood flow (R.B.F.in ml.min
-1
.100 g

- 1
) was de

termined at various levels of oxygenation. The relationship be

tween R.B.F. and [Oj]
a
 in the abdominal aorta is illustrated in 

fig. 31. This graph shows that the R.B.F. - oxygen re

lation is more complex as compared to previously described flow-

oxygen relationships. When the [ 0,] was reduced from 6 to ap

proximately 2.5 m4, only little change in the R.B.F. was seen 

within individual animals. At the most a slight tendency to in

crease could be noticed within a number of fetal lambs. Some

where in the oxygen range between 1.5 and 3 mM, a maximum in 

R.B.F. was reached in the majority of the animals studied. However, 

such a maximum was difficult to localize because of the limited 

number of flow data per animal. Below the level of [ 0.J of 2.5 r
 2 a 

mM usually an abrupt fall in R.B.F. was seen. By apolying the 

Friedman test this general pattern was distinguishable in the 

majority of studied fetal lambs (Xj. =7.8; d.f.=2; p<0.025). 

To identify a general mathematical model, several data transfor

mations were evaluated, which could reduce the complexity of the 

relation. Because of the previously found reciprocal model for 

several flow-oxygen relations, it was assumed that a reciprocal 

component would contribute to this complex relation. For this 

reason such a reciorocal component was graphically "subtracted" 

by plotting the product of blood flow and [O^'a*
 A s a r e s u l t a 

simple curvilinear relation was obtained (fig. 32). Subsequently 

a reciprocal, a logarithmic , and an exponential function res

pectively, were tried in a graph in order to identify a function 

which described the transformed data-points best. Of these three 

functions the logarithmic seemed to describe the data points 

best. The drawn line in fig. 32 represents such a function and 

is based on the following equation: 

R.B.F. '[Ojlg = A + В · In [0
2
1

a
 - 20 -
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3 4 5 6 (ггМ) 
oxygen contení abdominal aorta 

Píe '^•RelattonBlilp of renal bloorl flow and ижу^еп content in 
the abdominal aorta. The line drawn In thla graph wae cnLculated 
by covariance analyala and representa a retua with "anlaal 
erfact" equal to zero. 

Using this equation as a starting point the following model was 

constructed: 

6·1η [ 0,] + ε 
R.B.F. = ν + — + a 

Ι ̂  a 

- 21 

The parameters ν and a should be interpreted similarly as has 

been described previously in detail for equation 6; S and e are 

regression coefficients. 

The parameters in this equation were calculated and by substi

tution into equation 21 the following expression was obtained: 

R.B.F. = 125 + 
165·1η [ 0

2
] - 53 

+ α 22 -

This function is graphically illustrated in fig. 33. This 
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graph shows that tht chosen model described the observed 

pattern within the twelve individual fetal lambs fairly well. 

The calculated maximum was reached when the level of [ O2]
a 

was between 3 and 4 mM while a reduction of the oxygen from 3.5 

to 2.5 mM was paralleled by a minor fall in R.B.F. A rapidly 

decreasing R.B.F. occurred when the [ 0-.] was further reduced 
ζ a 

below 2.5 mM. 

The estimated values of correction factor a in equation 22 are 

expressed in table 6-17. 

Table 6-17 : Eetimates ford in the R.B.F.-oxygen 

relation as expressed In equation 22. 

Animal number Symbol Additive animal 

e f fec t 

t О - 6 7 
2 » *17 
3 · - 1 2 
Ί V - 3 
5 Δ - is 
6 A +26 
7 A - 1 2 
β + +г6 
9 * - 3 3 

i o я +І49 
11 • +28 
12 D - 3 

An estimated percentile error of 22.2% was associated with the 

chosen model. Variations in R.B.F. were relatively small, which 

was reflected in the relatively small range of R.B.F. values be

tween 31 and 227 ml.min .100 g . Because of this limited range 

the variation in blood flow was small and as a result only 66% 

of this variation could be explained by changes in [0.] . 

The interpretation of the chosen model is difficult. In fact two 

functions can be distinguished in equation 22. Firstly a negative 

reciprocal of oxygen content (-53/[0J )»which is characterized 

by a curved line approaching but never reaching a maximum; se

condly a combination of a logarithmic and a (positive) recipro

cal function of [ Oj . ( 165 In [ Oj / [ 0-]
 =
 ), which is charac-

¿ a £. α. ¿, a. 

tenzed by a curved line intercepting the abscissa at 1 mM, 
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reaching a maximum between 2 and 3 mM» and decreasing slightly 

at values of oxygen higher than 3 mM. A combination of the func

tions in one equation will lead to a steeper rise between 1 and 

2 mM where both functions have a positive slope, and a shift 

of the maximum to somewhere above 2.5 mM where the two functions 

antagonize each other. 

The results on the relationship between R.B.F. and [ 0_] in the 

abdominal aorta can be summarized as follows: 

1) The R.B.F. showed relatively small changes in the range of 

[0-] between 3 and 6 mM. A slight tendency of the R.B.F. to 

increase was noticed by reducing the [0,1 from 6 to 3.5 mM. 

The R.B.F. reached a maximum somewhere between 3 and 4 mM. 

By reducing the (0-1 from 3.5 to 2.5 mM the R.B.F. decreased 

slightly whereas a further reduction below 2.5 mM was coupled 

with a progressive fall in R.B.F. 

2) As a result of the changes in R.B.F. over the studied oxygen 

range a progressive reduction in renal oxygen delivery was 

noticed when the [ 0
2
] in the ^bdominal aorta was reduced 

from 6 to 1 mM. 

6-4-2- Ileum and Jejunum 

The blood flow to the ileum/jejunum (Il.B.F. in ml.min .100 g ) 

was determined in a total of ten fetal lambs. The relationship 

between Il.B.F. and [ 0-] in the abdominal aorta is illustrated 

in fig. 34. This graph shows that the Il.B.F. closely resembles 

the R.B.F. in its relation to oxygenation. Also the Il.B.F. did 

not seem to vary much in the range of oxygen between 6 and 3 mM. 

In a number of animals the Il.B.F. tended to increase slightly 

when the [0,]_ was reduced from б to 3 mM. Also for Il.B.F. a 

maximum seemed to occur somewhere between 1.5 and 3.5 mM, al

though the limited number of flow data per animal prevented 

the marking of the exact level of [0_]_ where this maximum was 

¿ a 

reached. Below an [0-] of 1.5 mM, though, also the Il.B.F. 

usually tended to decrease sharply. 

By applying the Friedman test the described general pattern was 
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demonstrable in the majority of studied animals (χτ> =6.1; d.f.=2; 

p<0.05). To explore the mathematical structure of the Il.B.F.-

oxygen relation a similar approach was followed as has been des

cribed for the R.B.F.-oxygen relation. By also plotting the pro

duct of flow and oxygen versus the [0.1, a similar curvilinear 
¿ a 

relation was obtained as was found for the kidney. This is il

lustrated in fig. 35. The drawn line in this graph represents 

400-

"0.300-

С 

E200-

1 
100-

•β 
+ 

л: 

F-152 

α α 

- » Δ » . 

161 ir 

* 

[Рг]а-Э9 a 

^ («.0. 

3 4 5 6 (mM) 
oxygen content abdominal aorta 

Fig 36.Relatlanehlp оГ Ыоогі flow to the ι Leun/juJunun лпгі 
oxygen content in the abdominal aorta. The line drawn In thia 
graph was calculated by coverlance analyaia and représenta a 
fetus with "апішаі ef fect" equal to zero. 

again a logarithmic function. The following equation was deri

ved from this relationship: 

Il.B.F. '[Ог'а = A + Β ·1η [0
2
] 23 -

As described for the R.B.F. a model for Il.B.F. was 

constructed based on the relationship reflected in equation 23 
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and expressed in the following general equation. 

δ·1η [0
2
]

a
 + ε 

II.В.F. = ν + + а - 24 -

The parameters in this function (ν, δ, e, and α) should be in

terpreted as described previously for the kidney 

(page 105). The parameters in this mathematical function were 

calculated by the weighted least-square method yielding the fol

lowing equation: 

161·1η [ 0,1 - 39 
Il.B.F. = 152 + — + α - 25 -

' ^ а 

This function is graphically illustrated in fig. 36 for an ani

mal where the correction factor о was equal to zero. The estima

ted percentile error associated with this function was 28.9%. 

The pattern indicated by the chosen model and illustrated in 

fig. 36 was in agreement with the consistent trend as 

found with the Friedman test. Also for the Il.B.F. a maximum was 

reached in the range of [ 0
2
] between 3 and 4 mM while a progres

sive reduction in Il.B.F. became manifest when the I 0.1 was re

duced below 2.5 mM. 

The estimates for the additive animal effect α expressed in 

equation 25 are expressed in table 6-18. 

Table 6-1Θ : Estimates foro in the Jl.B.F.-oxygen 

relation as expressed in equation 25. 

Animal number Symbol Additive animal 

effect 

J · -21 

4 V -78 

5 Δ •'<> 

6 A -li7 

7 A -V 

8 + »58 

9 * - 1 !» 

10 a *(··) 
11 • .1)6 
12 • -15 
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As noticed for the R.B.F. also for the Il.B.F. only relatively 

small variations in flow values could be induced. This was re

flected in the narrow range of flow data between 63 and 288 ml. 

min .100 g . As a result only a limited percentage of the to

tal intra-animal variability in Il.B.F. could be explained by 

changes in [0,] (384). The chosen model was similar to that for 

the R.B.F. and was discussed in detail in the preceding paragraph. 

The results on the relationship between Il.B.F. and [0-1 in 

the abdominal aorta can be summarized as follows: 

1) The flow pattern of the ileum/jejunum in individual animals 

showed close similarity with the trend which was noticed for 

the R.B.F. The Il.B.F. was maximal between 3 and 4 mM [On^a' 

decreased very little by increasing the [ 0,] above 3.5 mM 

while a progressive fall in blood flow was noticed by reducing 

the [ 0 2 ] a below 2.5 mM. 

2) As a result of the changes in Il.B.F. over the studied oxygen 

interval a progressive reduction in oxygen flow to the ileum/ 

jejunum was noted when the [ 0-] in the abdominal aorta was 

reduced from 6 to 1 mM. 

6.4.3. Carcass 

The carcass was defined as the remainder of the fetal body after 

the removal of all the viscera, the intracranial neural tissues 

and the eyes. It included, primarily, skin, muscles and bones. 

In a total of nine fetal lambs the blood flow to the carcass 

(Car.B.F. in ml.min" .100 g ) was determined. In each fetus the 

Car.B.F. was calculated separately for the upper-body and lower/-

body portion. The division between the portions has been describ

ed previously (page 62 )· The relation between Car.B.F. and [6,]. 

was determined by referring the upper-body Car.B.F. to the [ 0_] 

in the ascending aorta and the lower-body Car.B.F. to the [ 0-] 

in the abdominal aorta. Only minimal differences were noted be

tween the Car.B.F. to the upper and lower body. Since also the 

composition of the tissues which were represented in the portions 

of carcass was similar, the two portions were considered to pro-
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vide the same type of information. Consequently for each single 

microsphere injection two flow results were obtained for the 

Car.B.F. at 2 different levels of [ OJ . This led to a total of 

6 flow data in each fetal lamb at 6 different levels of to,]-· 

The advantage of this approach was that the upper and lower body 

would contribute equally to an eventual model and that more flow 

data were obtained from each of the nine animals. 

The relationship between Car.B.F. and [ 0-1 in the supplying ar

tery is illustrated in fig. 37. In this graph it can be seen 

that the Car.B.F. resembled the R.B.F. and Il.B.F. in its respon

se to changes in [ 0,] . At first look an increasing trend in 

Car.B.F. was noted when the [0,] was reduced from 6 to 3 mM. 

However,by looking at the animals separately in at least 6 of 

the 9 such a tendency was minimal. Also for the Car.B.F. a maxi

mum seemed to occur somewhere between 1.5 and 3.5 mM of [ 0.] . 

Below an [ 0_] of 2.5 mM a fall in Car.B.F. was noted in the 

majority of the animals studied. 

By applying a Friedman test the described general trend in Car. 

B.F. was recognizable in the majority of studied fetuses 

( χτ =11.7; d.f. = 5; p<0.05). To exolore the mathematical structure 

of the Car.B.F.-oxygen relation a similar procedure was follow

ed as previously described for the R.B.F. and the Il.B.F. 

In fig. 38 it is illustrated that the flow-oxygen relation for 

the carcass could be simplified by a similar transformation as 

previously found for the R.B.F. and II.B.F.-oxygen relations-The 

logarithmic relationship which is shown in fig. 38 was also 

used as a base for the Car.B.F.-oxygen relation and could be ex

pressed in the following equation. 

Car.B.F. •[0
2
]

a
 = A + В -In [0

2
l

a
 - 26 -

Using this mathematical expression as a starting-point, also for 

the Car.B.F. a model was constructed which was identical to the 

model used for the description of the two preceding flow-oxygen 

relationships. The model could be expressed in the following 

general equation: 
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114 

5 0 -

о 
g 

_· 4 0 · 
E 
E 

i л зо-

i . D 

3 2 О -

ï 
0 

? ю-
0 
хз 

F.1 2. 2 5 ι " Μ α - 3 . α 

Ρ * ...0) 

» Δ 

. Δ » 
• • * ' t , * ' * 

».* » + * ,-j£- +_"• 

χ' Λ » • 
/ « » α α 

• № , 
/ » θ 9 

/ 

3 4 5 6 ( m M ) 
oxygen content supplying artery 

Pig 39.Relatlonahlp of blood flow to the carcase and ожу£вп 

content In the supplying artery The line drawn In this graph 

was calculated by covariance analyals and représenta a fetus 

*lth "апінаі effect" equal to zero. 

C a r . B . F . = ρ + 

In [ 0 2 ] a + ε 

t 0 2 ] a 

+ a 27 -

The parameters in thxs function (μ, 5, and ε) should be inter

preted as has been described previously for the kidney (page 105). 

The parameters in equation 27 were calculated using the weighted 

least-square method and subsequently substituted in that equation 

yielding the following expression: 

Car.B.F. 12 + 

2 5
-

l r l
 ^ a 

I »г
1
 a 

+ a 2Θ -

This function is graphically illustrated in fig. 39 for one given 

animal in which the additive animal factor was equal to zero. 

The graph displays that the significant trend demonstrated by 

the Friedman test was also indicated by the calculated line: a 

reduction in [От'а ̂
r o m

 *>
 t o
 approximately 2.5 mM gave rise to 

a slight increase in Car.B.F. A maximum flow was reached some-
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where between 2 and 3 mM. A progressive reduction in flow was 

found when the [0-,]- was reduced below 2.5 mM. 

The estimates for the additive animal effect α expressed in 

equation 28 are expressed in table 6-19. 

Tabi« 6-19 ι Estimâtes for α in the Car.B.Fcoxygen 

relation as expraased in equation 2Θ. 

Animal number Symbol Additiva animal 
effect 

k 4 -6 
5 Δ +6 
6 A 0 
7 A -1 
β + 8 
9 * -6 
10 Я +k 
11 • 1 
12 D -7 

The estimated percentile error which was associated with the 

chosen model was 27.1%. Furthermore it was found that only 34% 

of the total variability in Car.B.F. could be explained by chan

ges in [0-] in each Individual animal.This relatively low propor

tion of the total variability was probably also due to the rela

tively small range within which the Car.B.F. varied (between 

7.3 and 33.6 ml.min
-1
.100 g-1). 

Comparison of the calculated function for the Car.B.F.-oxygen 

relation with that for the R.B.P. and II.B.F. indicated that the 

Car.B.F. closely resembled these latter organ flows for the 

level of oxygen where the maximum was reached. 

The results of the relationship between Car.B.F. and [0.] in the 

supplying artery can be summarized as follows: 

1) The flow pattern in individual animals to the carcass showed 

close similarity with the trend which was seen for the R.B.F. 

and II.B.F.: The Car.B.F. was maximal between 2.0 and 3.0 of 

[0,] , decreased only slightly by increasing the [0,], from 
¿л ¿a 

3.0 to 6.5 mM. 

When the [0,] was reduced below the level of the maximum flow 
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a progressive fall in Car. B.F. became manifest. 

2) The observed flow pattern led to a progressive reduction in 

oxygen flow to the carcass when the [02]
a
 was reduced from 

6 to 1 mM. 

6.5. Organs in which changes in blood flow did not coincide 

with changes in arterial oxygen content. 

The following organs in the fetal body were found not to change 

their blood flow in response to changes in oxygenation: choroid, 

duodenum and placenta. For oractical reasons only the most impor

tant organ from this group, the placenta, will be discussed in 

this paragraph. 

6.5.1. Placenta 

tn twelve fetal lambs the placental blood flow (P.B.F.) was de

termined at different levels of oxygenation. In contrast to 

all the other flows ,the P.B.F. was expressed in ml.min .kg fetus 

instead of in ml.min" .100 g" . This was done for two reasons. 

Firstly in the literature the blood flow to the placenta is usual

ly expressed in this form. Secondly the total placental flow 

(T.P.F. in ml.min" ) changes with fetal age»and since fetal 

weight is related to fetal age, a certain correction for the age 

factor will be built in by taking the ratio of T.P.F. and fetal 

weight. For this purpose the correlation diagram of T.P.F. and 

fetal weight is displayed in fig. 40. The expressed T.P.F. values 

were based on observations in 17 different fetal lambs under 

"control" conditions (ewe inspiring air) . The Spearman correla

tion coefficient (Rs) between T.P.F. and fetal weight indicated 

a significant positive correlation between these two variables 

(Rs-0.68; two-sided ρ <0.01). 

The relationship between P.B.F. (in ml.min -kg fetus ) and 

[ 0-] is illustrated in fig. 41. By looking at the three data 

points in the twelve individual animals,no particular trend 

could be distinguished. This was confirmed by the Friedman test 
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{χρ1^.*; d.f. = 2; р Х Ы ) . In б animals the P.B.F, was increased 

in hypoxia while in 3 animals a decrease was noticed at lower 

levels of the oxygen range. In the remaining three animals 

little change in P.B.F. was seen. 

Since no particular consistent trend in P.B.F. was seen in rela

tion to oxygenation, an impression was obtained about the P.B.F. 

at different levels of oxygenation by dividing the oxygen range 

into portions of 1 mM each and distributing the data-points 

over the seven sections. If one animal was represented 

twice in a certain portion of the oxygen interval,one of the two 

values was chosen at random. In this way each different section 

was composed of flow data derived from different animals. For 

each of the seven fragments of the oxygen scale a mean P.B.F. 

was calculated and if possible the S.E.4. The results are ex

pressed in table 6-20 and fig. 42. It is seen that the P.B.F. 
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Table 6-20 

A n i m a l 
n u m b e r 

1 
2 
3 
4 
5 
б 
7 
В 
9 

10 
11 
12 

MEAN F . E 
m l . m i η . " 
f e t u s " I 
+ S . E . M . 

S y m b o l 

О 
9 

• 
7 
Δ 
Δ 
А 
+ 

* 
α 
• 
D 

. F . i n 
1 k g . 

| 0 2 > a 

< 1 irM 

_ 
. 

150 

-
-
-
-

1 8 5 

-
-

2 2 3 
™ 

186 
+ 

30 

' V a 
> 1 , < 2 mM 

_ 
-

166 
1 8 1 
1 9 1 
1 8 3 
2 4 0 

-
272 
2 0 1 
149 
2 1 1 

199 
+ 

13 

' 0 2 ' a 
> 2 , < 3 mM 

290 
2 3 8 
2 1 8 
204 
2 1 6 
158 
158 

-
-
-
-— 

212 
+ 

17 

• 0 2 " a 

>э,<а mM 

_ 
-
-

2 1 5 

-
-
-

1 5 8 
2 2 1 
166 

-— 

190 
+ 

16 

І 0 2 І а 
> 4 , « S mM 

_ 
-
-
-
-
-
-
-

2 0 5 
1 6 2 
116 

— 

1 6 1 
+ 

26 

« 0 2 І а 
> 5 , < 6 mM 

316 

. 
-
-
-
-
-
-
-
-
-

147 

232 
+ 

85 

l 0 2 l a 
> 6 mM 

_ 
-
-
-
-
-
~ 
-
-
-
-

196 

1 9 8 

fluctuated around a value of 200 ml.min .kg fetus . Comparison 

of the calculated P.B.F. in the different blocks indicated that 

differences between any two subsections were small. 

In this study the blood flow to the placenta was measured in a 

total of 17 fetal lambs under control conditions . 

It was noticed in this group that the T.P.F. was not only 

correlated with fetal weight (fig. 40) but also with placental 

weight. To demonstrate such a relationship,the P.B.F. - which is 

corrected for fetal weight - was evaluated in its relation to 

placental weight. The relationshio which is illustrated in fig. 

43 suggests a positive correlation between placental weight and 

P.B.F. The Spearman correlation coefficient indicated that the 

correlation between placental weight and the P.B.F. (corrected 

for fetal weight) was significant (R
g
=0.82; two-sided p<0.005). 

Since the T.P.F. was found to correlate with the fetal weight as 

well as with the placental weight,a new expression was introduced 

for placental flow in which the effect of both factors was 

detached from the placental flow. This was achieved by dividing 

the T.P.F. by the fetal as well as the placental weight, assuming 

that both weights were linearly related to the T.P.F. The 



120 

400· 

ï ^ 
0'«A 
- 5 3 0 0 -

ÌS 
Ω · 
V i 200· 
Ï Ë 
41 · 
81 
û-w100-

è 

• · · • · 

• • 
*.· * · . 

• 
• 

Rj -062 
η .17 
ρ <0OOS 

300 400 500 600 700 
placental weight (grams) 

fig 43.Ral*tionehip of fatal placental blood flov par unit 
fatal weight and placental weight for 17 different aninala 
under normoxlc condition», A larger placenta correlated to a 
higher flow per unit fetal weight. Each point rvpreeent· one 
fetus. 

placental flow thus correctesd may be a more stable and therefore 

useful expression for the blood flow to the placenta, especially 

in transversal studies of the effect of certain variables on the 

placental circulation. As far as the relation between P.B.F. and 

[ 0-] was concerned the "double weight correction" did not lead 

to substantial changes in that relation. The mean flow to the 

placenta in ml.min" .100 g".kg fetus" for all the 36 observa

tions made in the twelve studied fetal lambs was 53.4 (+2.7 

S.E.M.). 

The ratio of fetal weight and placental weight depends upon ges

tational age. Such a ratio, though, might also provide infor

mation on the placental reserve capacity at the moment of the ex

periment. Therefore a higher ratio was thought to reflect not 

only a more advanced stage of maturity of the pregnancy but also 

a reduced actual reserve capacity of the placenta at the moment 

of experimentation to supply the relatively large fetus with 

sufficient nutrients and oxygen. It was noticed that an increased 
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F.S.В.P., determined in nine different fetal lambs under normox-

ic conditions/was paralleled by a higher value for this parti

cular ratio. The correlation of F.S.B.P. and this ratio is 

illustrated in fig. 44. The positive relation be-
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tweeη these two variables was significant (Rs=0.72; two-sided 

p<0.05),while no correlation could be demonstrated between F.S. 

B.P. on the one hand, and fetal weight or placental weight sepa

rately, on the other hand (R
s
=0.57 and 0.03 respectively). 

The results on the blood flow to the placenta obtained in this 

study can be summarized as follows: 

1) P.B.F. did not show any consistent change in relation to alte

rations in the [0,] in the abdominal aorta. 

2) Under normoxic conditions it was noticed that the total placen

tal flow depended on the size of both placenta and 

fetus. 

3) Also under normoxic condition an elevated F.S.B.P. was noticed 

in animals with a higher fetal weight/placental weight ratio. 
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6.6. The acid-base balance at different levels of arterial 

oxygen content 

In deepening fetal hypoxia the metabolism of certain body tissues 

will progressively follow anaerobic pathways, thereby producing 

primarily lactic acid. The extra amount of H
+
 ions produced in 

this condition is buffered by bicarbonate ions with the formation 

of CO, which escapes through the placenta. By this action the 

concentration of bicarbonate ions may be consistently reduced in 

fetal hypoxia. 

In this study both DH and PCOj of the arterial blood were measur

ed in a total of 15 fetal lambs at different levels of oxygena

tion. From these two parameters the actual bicarbonate 

could be calculated using the Henderson-Hasselbalch equation. 

However, to obtain a more precise measure of fetal metabolic aci

dosis the actual bicarbonate was corrected to standard conditions 

(temp. 39.5
0
C; PC0

2
=40 torr;completely oxygenated blood). This 

provided standard bicarbonate. 

In fig. 45 the relationship of standard bicarbonate and ( (^]. in 

the ascending aorta is displayed. Of the 15 animals reoresented 

in this graph a total of 12 were also used to determine blood 

flow. A reduction in standard bicarbonate in hypoxia was 

noticed in each of the fetal lambs. 

The mathematical function of the curvilinear relationship between 

standard bicarbonate and [ O j ^ was explored by way of the least-

square method. For this purpose all data points obtained in the 

group of fifteen were used. The number of observations made with

in animals varied between 2 and 17. The results of the 

analysis are shown in table 6-21. This table illustrates that 

the exponential function yielded the lowest estimate for the 

standard deviation while the reciprocal function was 

only slightly higher. The exponential function, though, contain

ed one additional parameter (γ) which had to be estimated. For 

this reason and also because of the rather small difference in 

estimated standard deviation the reciprocal function was prefer-
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Table 6-21 : Mathematical functions evaluated Tor their 

adequacy in describing the relationship between 

standard bicarbonate and oxygenation. 

Mathetiatlcal General Estimate for Degrees 
functions equation standard of 

deviation freedom 

Reciprocal fi»)
1
 μ+ β· Ά '·82 53 

function 

Logarithmic f(*)= V* S-In χ 1.95 53 
function 

Exponential f(x)= V* β·β
Ύ
* 1.80 52 

function 

red. The progressive decrease in standard bicarbonate indicated 

that the slope in the reciprocal function would be negative. 

The relationship between standard bicarbonate and oxygen could 

be expressed in the following equation: 

t HCO3] = ν + В · l/[ 0
2
]
 a
 + α - 29 -

The parameters in this equation»symbolized by v, B/and α ,should 

be interpreted similarly as has been discussed previously 

for the C.B.F.-oxygen relation (page 74). 

By substitution of the calculated parameters in equation 29, the 

following expression was obtained: 

[ HC0~] = 27.41 - 10.Θ1 · l/[ 0
2
]

 a
 + α - 30 -

The proportion of variation in the standard bicarbonate explained 

by variation in [O^'a
 a m o u n t e d t o 6 4 %

 (
R
 )

 i n t h i s
 function. The 

function is graphically illustrated in fig. 46 for an animal with a 

correction factor a equal to zero. 

The estimates for animal effect α in equation 30 are expressed 

in table 6-22. Based on the variability in α an impression 

was obtained about the maximum standard bicarbonate in each ani

mal which was determined by using equation 30 at an [ Oj]
a
 level 
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Table 6-22 г Estimates for α 1л the standard bicarbonate-

oxygen relation as expressed in equation 29· 

Animal number Symbol Additional animal 

effect 

1 

2 

3 
15 

It 

5 
6 
7 
β 
9 
10 
1 1 
12 

13 
il» 

о 
Φ 

• Θ 
7 
Δ 
Λ 
Α 
+ 
Μ 

α • 
D 
Φ 
Α 

• 0.82 

+ 1.63 
-1.05 
+0.72 
-1.75 
+ 1.30 
+ο.3β 
-1.92 
• 0.57 
-2.63 
+ 1.Ίΐ 
• 0.65 
-1.70 
+0.28 
+ 1.29 

of 6 mM. This maximum ranged between 23.0 and 27.2 mEq.l , 

with a mean value of 25.6. 

The reciprocal function describing the HCCU-oxygen relation in

dicates that the standard bicarbonate decreases continuously and 

progressively over the oxygen range when [0.1 is reduced 

_ ¿ a 

from 6 to 1 mM.No breaking point in HCO, could be discerned at 

any particular level of [0 2] a. The progressive drop in buffer 

reserve of the fetal blood in hypoxia is most likely a result of 

lactic acid production by the anaerobically metabolizing tissues. 

Earlier in this chapter it has been discussed that the blood sup

ply to only a limited number of organs was compromized in hypoxia. 

It was likely that also these organs - the lung and the organs 

reaching a maximum blood flow at a certain level of oxygenation -

would produce lactic acid in hypoxemia, of the total amount of 

blood supplied to this group of organs the carcass received the 

largest proportion,being more than half of this total in well-

oxygenated conditions. This figure increased steadily in hypoxia 

mainly because of the sharp drop in pulmonary blood flow. There

fore it was expected that the carcass would be the major produ

cer of lactic acid especially when the [ 0o] was reduced below 
¿ a 

3 mM. Consequently it was concluded that the reduction in the 

standard bicarbonate in hypoxia was for an important part a 
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result of insufficient oxygen supply to the carcass in that con

dition. In fig. 47 the relationship between standard bicarbonate 

10-

20 40 60 BO 100 120 
oxygen flow to capcosstwmoles-mm'^IOOg'i) 

Fig Ί7.Relationship of oxygen delivery to the сагсввя and 

standard bicarbonate In the aocending aorta. It la likely that 

the reduction in oxygen supply to the carcass was the Major 

reason for an increase in lactic acid output by the fetal body 

and consequently a reduction in the buffer reserve of fetal 

in the ascending aorta and the oxygen flow to the carcass is 

illustrated. The relationship was close, especially when 

the oxygen flow to the carcass was reduced below 50 ν mol.min 

100 g , corresponding to an [ Oj] below approximately 2.5 mM. 

Below this level approximately 85% of the blood supply to the 

group of compromized organs was directed to the carcass. Since 

also the blood flow to the carcass was sharply reduced below 

this level it is possible that the concomitant progressive 

drop in standard bicarbonate primarily is a direct result of a 

progressively increased output of lactic acid by the carcass. 

The results on the acid-base balance and its relation to oxygen

ation can be summarized as follows: 

1) The standard bicarbonate decreased continuously and progres

sively as a function of I 0_] in the ascending aorta and was 
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best described by a reciprocal function of [ 0,] · 

2) A fall in L.B.F. and a drop of approximately 50% in oxygen 

flow to the kidneys, ileum and carcass when the [ 0,] was 

reduced from 6 to 3 mM did not result in important changes 

in standard bicarbonate in the ascending aorta. 

3) The steep reduction in standard bicarbonate in fetal blood 

which occurred below 2 mM [0,] was paralleled by a simultane

ous sharp decrease in oxygen delivery to the carcass. 

6.7. Systemic arterial blood pressure at different levels of 

arterial oxygen content 

The F.S.B.P. values used m the present study represented mean 

blood pressure differences between fetal abdominal aorta and am

niotic fluid at the time of the blood flow measurements. This 

implied stable oressure readings for at least twenty minutes. 

Usually more F.S.В.P.measurements than flow determinations were 

obtained from each individual animal whereas the total number of 

F.S.B.P. data was different for each of the animals. F.S.B.P. was 

measured only in a total of 11 fetal lambs. Nine animals of this 

group yielded reliable flow results too. For the three animals 

without flow results the same symbols were used as for the stan

dard bicarbonate-oxygen relation in the preceding paragraph. 

The relationship of the F.S.B.P. and [ 0.] in the ascending aor

ta is illustrated xn fiq. 48. This graph shows 

that in hypoxia the F.S.B.P. is increased in the majority of the 

eleven animals. Furthermore it is shown that the changes 

in F.S.B.P. seemed to be evenly spread out over the studied 

oxygen scale , including the range below 2.5 mM where rather 

remarkable changes m the regional distribution of the biventri

cular output occurred. 

The relation between baseline values for fetal blood pressure and 

[Oj] was evaluated as follows: For each of the studied fetal 

lambs a linear regression line was determined. The general equa

tion for each line was reflected in the following mathematical 
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e x p r e s s i o n : 

F . S . B . P . = 8 '[o2] a + ν 31 

t η this equation β and μ were parameters for the slope 

and intercept»resoectively,of the given function. The calculated 

eleven regression lines are displayed in table 6-23. 

Tt is assumed that, for each animal, the F.S.B.P. was normally 

distributed with the same variance for each value of [Ο^]-. The 

eleven residual variances could now be compared by applying the 

Bartlett test. This test indicated no significant difference be

tween the eleven residual variances (p>0.1). The next step in 

the analysis was the testing of the equality of the slope which 

would indicate parallelism of the eleven regression lines. This 

analysis resulted in a significant difference between the eleven 

slopes (F-test; p<0.01) indicating a different shift in F.S.B.P* 

in relation to changes in oxygenation in each of the studied 

animals. 



Table 6-23 : Linear regreaeion equatione of the F.S.B.P.- oxygen 

relation for eleven studied fetal lanbs. 

Animal Symbol Intercept Slope Number of Maximum spread 
number F.S.B.P. of F.S.B.F. 

U θ observations values over the 
per animal oxygen-interval 

in niM 

Ί 7 
5 Δ 
6 A 
7 A 
8 + 
9 * 

10 α 

• 
іг α 
и θ 
ik 0 

MEDIAN 

5 5 . 6 
1(0.3 
5 1 . O 
1.1.Э 
2 9 . ч 
Ί 5 . 5 
li l i . 6 
I 1 9 . 2 
7 5 . 2 
« » . 8 
5 0 . 6 

4 9 . 2 

- I . O l 
- 1 . 2 9 
- 0 . 9 9 
- Ι Ο Ί 
+ 0 . 1 5 
- 3 . 12 
- 2 . 0 3 
- 2 . 7 5 
- 3 . 9 2 
- 7 . 1 * 
- 2 . 3 8 

- 2 . 0 3 

3 
é 
7 
k 

17 
5 
3 
6 
Ί 
3 
6 

5 

1 . 7 5 
ι . 8 0 
2 . 10 
1 . 2 6 
1 . 2 3 
1.І І5 
1.1.1 
1 . 1 7 
К З * 
1 . 7 2 
0.911 

I . I l l 

3 . 6 1 
3 . 2 1 
3 . 8 1 . 
3 . 6 8 
! . . 6 3 
5 . 0 3 
I I . 6 0 
14.61» 
6 . 6 2 
I I . 3 8 
l i . 61. 

l i . 6 0 

Table 6-23 illustrates a negative trend in F.S.B.P. in relation 

to [О.) in 10 of the 11 fetal lambs. In other words, although 

the rate of change was different in individual animals, an in

creased F.S.B.P. in hypoxia seemed to occur in the majority ofthe 

fetuses studied. 

To obtain an impression about the shift in F.S.B.P., which was 

in general noticed in the studied group of 11 animals, the fol

lowing procedure was chosen: In each animal a single value for 

F.S.B.P. was chosen at random from the oxygen range above 3.5 mM 

as well as from the range of oxygen below 2 mM. In this way nine 

pairs of F.S.B.P. values were obtained from those nine different 

animals in which F.S.B.P. observations were made in both portions 

of the oxygen range. For the two subsections of the oxygen 

range the mean F.S.B.P. was determined for the nine contributing 

fetal lambs. Furthermore the difference between the values for 

F.S.B.P. in the two subsections of the oxygen range was evaluated 

with a paired t-test. The results are expressed in table 6-24. 

It is illustrated in this table that, for these nine fetal lambs, 

a reduction in (0-] from above 3.5 mM to below 2 mM was paral

leled by a mean rise in F.S.B.P. of 8.6 mmHg or approximately 20%. 
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Table 6-2k ι F . S . B . P . o b e e r v a t l o n e ι 

the two s u b s e c t i o n s a t 

ozygen i n t e r v a l 

ia de in n i n e f e t a l lambe In 

e i t h e r far-end of the 

Animal 
number 

k 
7 
β 

9 
10 
11 
12 

13 
if. 

MEAN F s 

Symbol 

7 
A 
+ 

* 
α 
• 

α 
β 

a 

.В.P.¿S 

MEAN DIFFERENCE 
paired- t -teat: 

At 
ted 
F.S 
for 

E.H. 

random aelec-
value of 

.B.P. (mmHg) 

• "Va*2 

48(1) 
lt2 
111 
111 
ІІ2 
US 
70 
12 

1 
Ί 
1 

1 
li 
1 
1 

Ί5(1) 

1|6.9±3.Ί 

шМ 

At 
tec 
F.S 
for 

random 
value 
• B.P. 

••v.-
Ί6 1) 
Ίο 1) 

27 n 
28 Ί) 
36 2) 
36 2) 

SO 3) 
IlO 2) 

1.2 3) 

3β.3±2 

ae 
of 

І с-

mmHg) 

3. 

Ί 

d 

5 mM 

-f. 

Difference 
In F.S.B.P. 
between the 

two portions 
of the оду-
gen range 

β 
: 8 

t ж li 

Ρ < 0 

2 
2 

7 
13 

6 
12 

20 
12 

3 

6, 

2: 
005; 

Betvean parenthaoee: The total nunbcr of 

anlaal froa which the preceding F.S.B.P. 

obaervatlona in each 

value waa choaan. 

The results of the relationship of F.S.B.P. and [O,]^ in the as

cending aorta can be summarized as follows: 

1) The F.S.B.P. at a given level of oxygen showed large dif

ferences among individual animals. 

2) The F.S.B.P. in general was elevated at lower levels of 

oxygen content. 

3) A reduction in [ 0.] from above 3.5 mM to below 2 mM was 
¿ a 

coupled with a rise of approximately 20% in F.S.B.P. in a 

group of nine fetal lambs. 

6.8. Sbme cardiac parameters at different levels of arterial 

oxygen content 

To evaluate the fetal cardiac function in relation to oxygenation 

a number of parameters were investigated in their relation to 

[ 0_] in the ascending aorta.These parameters were the baseline 
-1 

fetal heart rate (B.L.H.R.in beats min ),the total biventricular 

stroke volume (S.V.in ml.min ),the cardiac load (defined as the 

product of biventricular cardiac output and F.S.B.P. in 

mm Bg.l.min .kg fetus ) , and the biventricular cardiac output 
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(В.С.0. in ml.min
-1
.kg fetus"

1
). 

The fetal heart rate was measured in a total of nine fetal lambs. 

In this present study values of B.L.H.R. represented the base 

lines of fetal heart rate at the time of the flow measurements 

which implied stability in baseline readings for at least 20 

minutes. In none of the experiments, an appreciable effect on 

fetal heart rate could be discerned as a result of the microsphere 

injections and the withdrawal of reference samples. Therefore the 

B.L.H.R. in the present study was defined as the average heart 

rate over a time period of approximately 3 0 minutes which includ

ed the 20 minutes prior to and the time period during the flow 

measurements. 

During the continuous registration of fetal heart rate some dece

leration occurred. Deceleration was defined as an abrupt decrease 

in heart rate below 80% of the baseline rate and lasting for at 

least 20 seconds before complete recovery to baseline was accom

plished. Since these decelerations did not arise more frequently 

in certain conditions of oxygenation - they were not confined to 

hypoxia - their meaning was not further evaluated. In general 

more than two or three decelerations in heart rate were seen dur

ing an entire experiment, although there was one animal which 

showed frequent decelerations (once every two minutes) during 

normoxic conditions while recovering from hypoxia. The decelera

tions in that particular animal were not related to intra-

amniotic pressure and disappeared spontaneously within 30 minutes 

after the beginning of the recovery period. 

The relationship between B.L.H.R. and [02]- in the ascending 

aorta is expressed in fig. 49. The B.L.H.R.-oxygen relation re

sembled in structure to the flow-oxygen relations of the kidney, 

the ileum/jejunum and the carcass. However, such a trend could 

not be demonstrated with the Friedman test which was applied to 

those B.L.H.R. data points obtained simultaneously with the three 

flow measurements in each animal (Xr· =4.0; d.f.=2; p>0.1). The 

results obtained in the present study, though, did indicate that 

the B.L.H.R. in individual animals was reduced consistently at 

levels of [0,], below 2 mM. 
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This was demonstrated by comparing pairs of B.L.H.R. observations 

randomly chosen from either side of the 2 mM mark in each fetal 

lamb (sign test: p<0.05). 

The S.V. was determined bv dividing the total B.C.O. (in ml.min ) 

by the B.L.H.R. In seven fetal lambs the total B.C.O. was there

by defined as the sum of all regional blood flows. In two addi

tional fetal lambs no values for L.B.F. were available and 

L.B.F. was estimated based of the results of L.B.F. discus

sed in the related paragraph. Since the total L.B.F. in these 

two animals would be less than 10% of the total B.C.O. no major 

error in estimating the total B.C.O. was made by assuming a cer

tain value for the L.B.F. The relation between S.V. and Í0o] in 
2 a 

the ascending aorta is depicted in fig. 50. It is seen 

that, in seven of the nine animals, the S.V. tended to increase 

in hypoxia. The changes in S.V., though, did not show any consis

tent trend in relation to [ OJ as demonstrated by the Fried-
i ¿ 

man test (χ,, =1.8; d.f. = 2; pX). 1 ) . 
The cardiac load was evaluated next in its relation to [ 0,] 



133 

20-

IS-

IO-

5-

α 

* 

• 7 * 7 ' 

* 
' W β + / . 

α 

3 4 5 6 ( mM ) 
oxygen content ascending a o r t a 

Pif 50.Reletlonehip of "strak« volun·" and oxygen content in 

th· aeсending aorta. Stroke оіим· vaa defined aa the rat io of 

total blood flow and ateady-etate fetal heart rate. 

3 4 5 6 (mM) 
окудеп content ascending aorta 

Pig 51.Relationehip of "cardiac load", and oKygen content In 

the ascending aorta. The cardiac load Is defined as the product 

of Ги tul syeteeic blood preeeure and Ыventrlculnr cardiac 

output. 
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in the ascending aorta. Fig. 51 illustrates the relationship be

tween these two parameters. Also for the cardiac load an increas

ing trend was seen in hypoxia in seven of the nine animals studi

ed. However, the trend was not significant for the entire group 

of animals as shown by the Friedman test (Xj. =2.3; d.f.=2; p>0.1). 

Finally the relationship between B.C.O. and oxygenation was eval

uated and this relationship is illustrated in fig. 52. This graph 

3 4 5 6 <mM) 
oxygen content ascending aorta 

Fig }2.Relationship of blvwitrlcular cardiac output and oxygen 

content in the aecendlng aorta. 

shows that B.C.O. was increased in hypoxia in five of the nine 

studied fetal lambs. The B.C.O. did not show any consistent pat

tern in relation to oxygenation (xr =1.75; d.f.=2; p>0.1). 

Besides the relationship of the four cardiac parameters with the 

[0.] , some trends in the relation between the four parameters 

were evaluated in this study. The level of B.L.H.R. tended to be 

reduced when F.S.B.P. was elevated. This is illustrated in fig. 

53. In this graph the observations which were made in eleven 

fetal lambs - the same as were used for the analysis of F.S.B.P.-

are displayed. Since both B.L.H.R. and F.S.B.P. data were obtain

ed more frequently than flow observations, a different number of 

data points were acquired from each of the eleven individual 

animals. As discussed for the F.S.B.P.-oxygen relation also for 
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the B.L.H.R.- F.S.B.P. relation a linear regression was construct

ed for each of the eleven animals of the B.L.H.R. on F.S.B.P. 

The eleven calculated regression equations which are displayed 

in table 6-25 were subsequently compared. For this it was assumed 

that the B.L.H.R. data in each animal were normally distributed 

with the same variance for each value of F.S.B.P. The eleven 

residual variances which were determined for each of the eleven 

lines did not differ significantly (Bartlett test: pXD.1). A pos

sible parallelism was evaluated next by comparison of the eleven 

slopes. No significant difference could be demonstrated between 

the eleven slopes (F-test; p>0.25) indicating parallelism of the 

eleven lines. In order to demonstrate a correlation between 

B.L.H.R. and F.S.B.P., the slope not only had to be equal for all 

lines but should also differ significantly from zero. 
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For this purpose the overall slope was evaluated with a t-test. 

In this way a significant correlation between B.L.H.R. and 

F.S.B.P. was demonstrated (p<0.001). Finally the eleven inter

cepts were compared. They were found not to differ 

significantly (F-test; pXJ.25). It was therefore concluded that 

the same negative correlation between B.L.H.R. and F.S.B.P. was 

present in each of the eleven studied fetal lambs. 

The correlation between B.L.H.R. and F.S.B.P. could be expressed 

by the following equation: 

B.L.H.R. = 236.7 - 2.0 F.S.B.P. - 32 -
R
2
=0.46 

The slope of this line indicated that an increase in F.S.B.P. of 
-1 э 5 mmHg led to a decrease in B.L.H.R. of 10 beats.mm . An R* of 

0.46 indicates that 46% of the variability in B.L.H.R. could be 

"explained" by variation in F.S.B.P. 

Changes in B.L.H.R. had some consequences for the S.V. A lower 

B.L.H.R. was paralleled by an increase in S.V. This is illustra

ted in fig. 54 for the nine fetal lambs from which S.V. data were 

available. Because of the limited number of data obtained from 

each of the nine animals, the S.V.-B.L.H.R. relation was analyzed 

file:///umbci
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differently from the previously discussed F.S.B.P.-oxygen rela

tion and B.L.H.R.-F.S.B.P. relation, namely, by determining the 

Spearman rank correlation coefficient between S.V. and F.H.R. 

This is illustrated in table 6-26. In this table it is shown 

Table 6-26 : Spearman Rank correlations for nine fetal 

lambs betveen S.V. and B.L.H.R. 

Animal 
number 

h 
5 
6 
7 
β 
9 

10 
1 1 
12 

SUM. 

Σ Β 3 

^ t v a r i 

Symbol 

a n c e 

7 
Δ 
A 
A 

+ 
•χ

α 
• D 

s pearman 
c o r r e l a t i o n 
c o e f f i c i e n t 

• 0 . 5 
- ) . 0 
-1 . 0 
- 0 . 5 
- 0 . 5 
- 0 . 5 
- 0 . 5 
- 0 . 5 
- 1 . 0 

- 5 . 0 

Number 
o b s e r v a 
i n e a c h 
an imal 

3 
3 
3 
3 
3 
3 
3 
3 
2 

o f 
t i o n s 

l") 

J J i J w 
Птъ\ 

V a r i a n c e 
( 1 / n - l ) 

0 . 5 
0 . 5 
0 . 5 
0 . 5 
0 . 5 
0 . 5 
0 . 5 
0 . 5 
1.0 

5 . 0 

p < 0 . 0 5 
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that in eight of the nine fetal lambs the relation between S.V. 

and B.L.H.R. was negative. 

To obtain an impression about this relation in quantitative terms 

the following procedure was chosen. B.L.H.R. and S.V. values 

determined under control conditions were compared with those ob

tained in hypoxia. The differences between the two parameters in 

these two conditions of oxygenation are expressed in table 6-27. 

Table 6-27 : S.V. (ml . s Lrokc" ' ) and B.L.H.R. (bea Is .mm" ' ) 

in the nine fetal lambe under control 

conditlone and hypoxia. 

Ani maL 
number 

<t 

5 
6 
7 
β 

9 
10 
11 
12 

MEAN * 

Paired 

Symho 

V 
Δ 
A 
A 
+ 

* 
a 
• 
• 

S.E.M. 

t -

L Control 

Ь. . B.L 

lit.2 
9.2 

9.9 
9.5 
7.7 
10.5 
8.3 
8.6 

13-1 

10. ι 

0.7 

test (d.f 

.H.R. 

151 
168 
150 
153 
178 
165 
172 
176 
12Ί 

160 

+ 

6 

-8) 

Hypoxia 

< Сгіп 

s.v. 

13.1 
8.3 
16.0 

10.7 
10. 1 

14.9 
10.8 

13.3 
19.0 

12.9 

1. 1 

< 

в 

2.5 mM) 

L.H.R. 

102 
172 
102 
138 
lit! 

132 
160 

136 

ios 

132 

β 

Difference be
tween the tuo 

COIHU 11 ons 

Ь. . 

-1. 1 

-0.9 
+ 6.1 
• 1.2 
• 2.1. 

+ii.it 

• 2.5 

•Ι.? 

• 5.9 

• 2.8 

0.9 

ρ <0.05 

B.L.H.R. 

-1»9 
• U 

-US 
-15 
-37 
-33 
- 8 

-lio 

-19 

-27 

6 

ρ <0.005 

In this table it is illustrated that, when the animals were shif

ted from the control condition to hypoxia, the mean value for 

S.V. had increased significantly by 2.8 ml.stroke" corresponding 

to 28%. At the same time B.L.H.R. was reduced significantly from 

160 to 132 beats.min" (-18%). The increase in S.V. compensated 

completely for the hypoxic bradycardia. 

The results on the relationship between cardiac function and 

oxygenation can be summarized as follows: 

1) A reduction in [0-]_ in the ascending aorta below 2 mM was 
ζ a 

paralleled by a resetting of the B.L.H.R. to a lower level. 

2) The S.V., cardiac load and B.C.O. did not change significant

ly in relation to oxygenation. 

http://ii.it
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3) B.L.H.R. was related to F.S.В.P. The resetting of the F.S.B.P. 

at a higher level in hypoxia was accompanied by a significant 

decrease in B.L.H.R. The relationship between these two para

meters could be described by a single function for all nine 

animals combined. 

4) S.V. was related to B.L.H.R. A reduction in B.L.H.R. with 

hypoxia was paralleled by a significantly increased S.V. 



140 

Appendix to chapter VI 

Calculation of the percentile error and the peraentage of intra-

animal variation explained by a given flow-oxygen model, analyzed 

with the "weighted leaet aguares method" 

(stochastic variables are underlined) 

y
i;
. = μ + a± + B.i(Y,x

i;
j) + e ^ (i=l,...

f
N; j = l,...,N

1
) 

with N = number of animals 

N. = number of experiments in the 

i
t h
 animal 

N 

ε 
i=l 

Σ αί = 0 

where: у.. = blood flow measurement in the j experiment of 
3
 th 

the i
t n
 animal 

μ = a constant equal for all animals 

a. = additive effect due to the i animal 

8,γ = regression coefficients assumed to be the same 

for each animal 

Xji = value for [0
2
]

a
 in the j experiment of the i

t h 

animal 

/(YfXji) = function of Xj. and yie.g. : ƒ (y ,χ.^ . ) = І/х^/ 

or /(у,х
13
) = e

Y X
ij, or ƒ (у,х

1:)
) = 

(In x
i
. + yJ/Xj.} 

e.. = error term with expectation zero and standard 

deviation proportional to the expectation of у.. 

The observed value for y, ., and not the expected term у.. , is 

substituted for the error term e.. in the model above. 
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In this model, estimates μ, α , В and γ of/respectively,μ, α., 0 

and γ were determined in such a way that 

N Nĵ  

Σ Σ 

i=l 3=1 

У - ÍW + о^ + 8Л (γ,χ
1
 )} 

was minimal. 

'и 

N N
i 

Let S = Σ Σ 
m l n

 1=1 3=1 

y - {μ + а^ + B./(Y,x
iD
)} 

r
i3 

The percentile error was determined as follows: 

min 
χ 100% 

d.f. 
(d.f. = Σ Ν - ρ) 

i=l 

Ν + 1, in case of one regression 
where ρ = ' coefficient (3) 

\ 
N + 2, in case of two regression 

coefficiente (Β, γ) 

If it could be assumed that blood flow was independent of [ 0-]_ 

(thus в
=
0 ) ι estimates μ^ for μ + α could be determined in such a 

way that 
Ν N 

Σ Σ 
1=1 3=1 

Уі-, - {У + о
1
} 

was minimal. 

ID 

Let: μ = μ + α , then the function 

Ν Ν 

g(u
1
,..,..» M

N
) Σ Σ 

1=1 3=1 

Ί] 

У
« 

would be 
minimal 

when the partial derivatives _ 3 — = о for i = 1,..,..,N 
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thus 
j = l 

і/у
ч 

N i 
2 (І/У.ц) 
j = l 

ij' 

Let 

N t^ 

Σ Σ 
i=l j=l 

'ij Σ (1/Уц) / ϊ (І/Уіі»
2 

'ij 

Remark О < S . < S min 

A measure of the explained variation in blood values by a given 

flow-oxygen function was obtained by 

S - S 
min 

100 



CHAPTER VII 

DISCUSSION 

7.1. Introduction 

The regulation of local blood flow in many body tissues is defin

ed as a continuous adjustment of blood flow in proportion to 

the need of the tissues for nutrients (Guyton et al., 1964). In 

an intact and undisturbed animal, blood flow to every organ de

pends on the effects on vascular smooth muscle of a number of 

physical, chemical and autonomic stimuli (Körner, 1974). The 

oxygen demand of the tissues has been strongly advocated as being 

the most important local regulator of tissue blood flow (Guyton 

et al., 1964; Carrier et al., 1964). In this respect it was also 

noticed that different regions of the circulatory system showed 

considerable differences in their responses to reduced concen

trations of oxygen (Korner et al., 1967). Besides the local ef

fect of oxygen on regional blood flow, a more complex effect of 

reduced levels of oxygen on the hypothalamo-hypophyseal-adreno-

cortical system has been reported by Maretta (1972a),whereas Corn-

line et al. (1965) noticed in the fetal lamb a direct effect of 

low levels of oxygen on the adrenal medulla, leading to massive 

release of catecholamines in hypoxia. 

Information about the effect of oxygen on the intact and undis

turbed fetal animal is scarce while information about the re

sponse of regional blood flow to oxygen over a continuous range 

of arterial oxygen content is almost completely lacking. 

In this chapter the various flow patterns which were 

found in response to changes in [0-)],» a s they emerged from 
¿ a 

our experiments, will be discussed wherever possible in the frame
work of the available literature. Subsequently the effect of vary
ing levels of [ 0-] in the ascending aorta on acid-base balance, 

¿ a 

fetal blood pressure and cardiac function, as well as the over

all effect on the biventricular cardiac output will be analyzed 
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and discussed. 

7.2. Organs in which the blood flow increased progressively in 

inverse relation to arterial oxygen content. 

7.2.1. Cerebrum 

In this study fetal C.B.F. alterations were noticed to relate 

reciprocally with the [0-] . As a result the effect of varia

tions in the [ 0-] on the cerebral oxygen supply was diminished. 

£. a 

For the analyses of the flow-oxygen relations in the present 

study a mathematical model was chosen which allowed each animal 

to have its own "animal effect". Consequently in the analysis 

of the C.B.F.-oxygen relation only the intra-animal changes in 

C.B.F. were considered in their relation to [ 0-] . In this way 

a surprisingly high percentage (80%) of the alterations in C.B.F. 

could be explained by the reciprocal relation to the lOj'a 

in the ascending aorta. 

Several workers have studied the role of available oxygen on the 

regulation of the C.B.F. in the fetus. Uniformly it was noticed 

that hypoxic stress led to an increase in C.B.F. (Assali et al., 

1962b; Campbell et al., 1967a; Purves and James, 1969; Mann, 

1970c; Cohn et al., 1974; Kjellmer et al., 1974; Jones et al., 

1977). Purves and James (1969) reported an increase in fetal 

C.B.F. from 76 to 115 ml.min" .100 g" , when the PO, in the ca

rotid artery was reduced from 21 to 15 mmHg. Similar absolute 

values have been reported by Kjellmer et al. (1974). However,the 

control C.B.F. values as well as the induced blood flow increase 

in hypoxia were in contrast with the results obtained in 

the present study where the C.B.F. data in normoxia varied be

tween Θ9 and 153 ml.min" .100 g~ and where the C.B.F. almost 

tripled during the exposure to hypoxic stress as compared to nor-

moxic values.It seems likely that the discrepancy in the observed 

absolute values between the two mentioned studies and the present 

study is partly a result of differences in technique. With the 
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diffusible indicator technique there is a tendency to underesti

mate regional blood flow in situations of high flows (Ekläf et 

al., 1974). However, it should be emphasized that the acute ex

perimental condition in which the flow observations were made 

might have interfered with the response of the cerebral vascu

lature to hypoxia (Assali et al., 1974; Landau et al., 1955). 

In several recent studies the normal and undisturbed C.B.F. as 

well as the effect of hypoxia on C.B.F. have been investigated 

in chronic fetal lamb preparations. C.B.F. values obtained in 

the present study at a level of [0,] above 3.5 mM 

agree with the C.B.F. results reported by Rudoloh and Hey

mann (1970) and Makowski et al. (1972) in normoxic fetal lambs. 

In both studies the C.B.F. was also determined by using the 

microsphere technique. As to the reported increases in C.B.F. 

in hypoxia, there are some discrepancies:Cohn et al. (1974) 

reported a mean C.B.F. of 185 ml.min .100 g in severe hypoxia 

when complicated by acidemia. This indicated a mean rise of only 

65 ml.min" .100 g~ over his control C.B.F. values. While the 

degree of hypoxia induced in the present study was approximately 

the same, a mean C.B.F. of about 300 ml.min .100 g was observ

ed There is no ready explanation for this discrepancy. It is 

possible that in the study by Cohn et al. the occlusion of one 

carotid artery for the placement of a catheter may have inter

fered with the cerebral blood supply under conditions of increas

ed demand . Although the flow m one carotid artery can almost 

double in response to complete occlusion of the contralate

ral carotid artery (Campbell et al., 1967a) it seems unlikely 

that such a complete compensation can be sustained under condi

tions of sharply increased C.B.F. demands. The steep increase 

in C.B.F. in hypoxia as observed in the present study agrees 

with the results of Jones et al. (1977) who noticed, in a 

similar experimental set-up, increases in C.B.F. of up to 37 5 ml. 

min"1.100 g"1. 

By inducing variations in fetal oxygenation for the study of 

the C.B.F.-oxygen relation, simultaneous changes in arterial PCO, 

occurred. PCO- fluctuations influence the C.B.F. in the adult 
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(Reivich, 1964). The effect of changing levels of PCO- on fetal 

C.B.F. has been investigated in several studies. The results ob

tained from acute and exteriorized fetal preparations have not 

been unanimous. Several workers (Lucas et al., 1966; Purves and 

James, 1969? Mann, 1970a) noticed a positive PCO2 effect 

on the fetal cerebral vasculature similar to that extensively 

studied in the adult brain. Kjellmer et al. (1974) , though, 

reported only a minor effect of PCO2 which could be interpreted 

as an indirect oxygen effect achieved by a displacement of the 

hemoglobin dissociation curve. Information on the regulating 

role of carbon dioxide on the undisturbed fetal C.B.F. obtained 

in a chronic experimental set-up is scarce. Such information 

would be valuable since anesthetics may interfere with a PCO, 

effect which might be neurally mediated (James et al., 1969). 

One of the few chronic studies investigating the PC02-C.B.F. 

relation in a fetal preparation has been published by Ouilligan 

et al. (1971). They reported that the fetal C.B.F. remained al

most unchanged when the PCO, of the fetal blood was actively 

changed. However.in that study the interval of studied PCO, val

ues ranged between only 37 and 52 mmHg. Since no comparison 

with other chronic studies could be made, the precise role of 

PCO, in the regulation of fetal C.B.F. should be considered as 

still unsettled. 

Several investigators have reported that the effect of arterial 

PO, on adult C.B.F. becomes manifest only when the arterial PO-

is reduced to below 50-60 mm Hg (Kogure et al.,1970).However,Baker 

et al. (1966) noticed in carefully controlled studies that, at 

a constant level of arterial PCO,, even minimal hypoxia gave rise 

to cerebral vasodilatation. The C.B.F.-oxygen relationship report

ed by Kogure et al. (1970) could be divided into two parts with 

a critical breaking point at a PO- of approximately 60 mm Hg.This 

critical point happened to coincide with that particular segment 

of the hemoglobin dissociation curve where the sigmoid relation

ship starts to flatten out. This may indicate that the arterial 

oxygen saturation or rather the t 0,]_ is a more important para-
¿. a 

meter than PaO, in determining the C.B.F.-oxygen relation. In 
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fetal studies the importance of arterial oxygen content in the 

regulation of the cerebral circulation has been proposed by 

Kjellmer et al. (1974). Kjellmer et al. reported a better 

correlation of arterial[0,Isaturation than POj with the C.B.F. 

Little information is available in the literature about a pos

sible mathematical model by which the C.B.F.-oxygen relationship 

can be described. In the literature on adult animals we have 

found only one study in which the PO.-C.B.F. relation is describ

ed by an equation (Baker et al., 1966). The reported polynomial 

equation took into account the progressive increase in cerebral 

blood flow as hypoxia became more severe. In the fetus Kjellmer 

et al. (1974) determined by linear regression analysis a mathe

matical relationship between the [0_ Jsaturation in the carotid 

artery and C.B.F. The autors noticed that their calculated lin

ear function failed to accurately describe the C.B.F. at higher 

flows and expressed the opinion that a nonlinear model might 

provide a better prediction. A reciprocal C.B.F.4 OJ relation 

as observed in the present study,has -to our knowledge- not yet 

been reported in the literature, although recent studies in 

chronic fetal animal preparations emphasize the increased blood 

supply to the fetal vital organs during hypoxic stress (Rudolph 

and Heymann, 1973; Cohn et al., 1974). However,these studies only 

indicate that blood flow was increased and fail to demonstrate 

that the magnitude of the increase in deepening hypoxia is relat

ed to the need of preserving the oxygen flow. A maintained 

oxygen delivery to the brain facilitates the preservation of a 

constant cerebral oxygen consumption (V0-) at various levels of 

oxygenation (Jones et al., 1977). 

Several studies have considered the possible changes in fetal 

cerebral V0- at different levels of oxygenation. Moderate hypox

ia (Purves and James, 1969) as well as more severe hypoxia 

(Lucas et al., 1966),but without a compromised acid-base balance 

have been reoorted not to lead to a decrease in cerebral VO .How

ever, such a decrease was noticed when a state of severe hypoxia 

was complicated by acidemia (Mann, 1970c; Kjellmer et al., 1974). 
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Since the degree of acidosis during hypoxia did not affect the 

actual level of C.B.F., Kjellmer et al. explained the reduced 

cerebral VO, in a state of combined hypoxia and acidemia as 

being a result of a decreased oxygen extraction by the brain. 

Mann et al. (1970b; 1970c) noticed during extremely severe hypox

ia changes in the fetal E.E.G., which are indicative of cere

bral depression. The results of these studies suggest that the 

marked fall in cerebral ^0- in extreme hyooxia is primarily 

caused by the impaired oxygen supply to the brain while the ob

served concomitant drop in pH arises from lactate accumulation 

The acidosis,however,does not seem to trigger the reduction in 

cerebral V0-. In the present study it was observed that,in spite 

of the progressive rise in C.B.F., the oxygen supply to the 

cerebrum was not maintained exactly constant when the [ 0_] in 

¿ a 

the ascending aorta was reduced. On the other hand, Jones et al. 

(1977) have reported in a similar experimental set-up, that the 

cerebral VO- is maintained over a corresponding range of oxygen 

values. In order to maintain cerebral Φθ- while the oxygen supply 

is somewhat reduced, a higher proportion of the delivered oxygen 

must be extracted by the cerebral tissues. This is possible be

cause in normoxia the cerebrum of the fetal lamb extracts only 

approximately one third of the available oxygen.(Jones et al., 

1977) . Probably the relatively high proportion of the total ce

rebral oxygen supply which appears in the cerebral venous 

blood should be considered as an "oxygen reserve" which can be 

claimed in case of reduced oxygen delivery. For this purpose a 

higher efficiency in extracting oxygen by the cerebrum is requir

ed. A reduced pH in the circulating blood may, in severe hypox

ia facilitate the oxygen uptake by the brain by displacing the 

hemoglobin dissociation curve to the right (Lewis et al., 1973). 

The mechanisms in the fetus which may preserve cerebral energy 

production at levels of hypoxia exceding those studied by 

Jones et al. (1977) and in the present report, are still subject 

to speculation. An increased cerebral lactate production during 

severe hypoxia has been observed in the adult (Cohen et al., 

1967; McMillan et al-, 1974) and might maintain energy produc-
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tion constant at the cost of a very high utilization of carbo

hydrates. The limits of the adaptation mechanisms of the fetal 

brain when exposed to extremely low levels of oxygen have been 

explored by Mann (1970c). He recorded the first signs of cere

bral depression when the arterial PO- was reduced below approxi

mately 11 mm Hg. At such a low PO, the metabolic mechanisms which 

allow the preservation of a sufficient cerebral energy supply 

may give rise to the accumulation of metabolites such as lactate 

(McMillan et al., 1974). These substrates may affect cerebral 

function, even if the cerebral energy state is essentially un

changed (McMillan and Siesjö, 1972) . In other words the changes 

seen in the fetal E.K.G. by Mann (1970c) may be caused by the 

accumulation of metabolites and do not necessarily reflect a 

reduction in cerebral energy supply. 

Serious problems, such as irreversible changes in the cerebral 

cells, may develop when the lack of oxygen leads to inability to 

maintain perfusion pressure at an adequate level. Mann (1970b) 

reported that a decompensation of the fetal cardiovascular func

tion expressed in a marked bradycardia and a fall in fetal syste

mic blood pressure always preceded the onset of an iso-electric 

fetal E.E.G. The importance of a maintained perfu

sion pressure has been stressed repeatedly for the adult brain 

(McMillan and Siesjö, 1972; James and Purves, 1969; Purves, 

1972; Betz, 1972). Small alterations in systemic blood pres

sure influence the cerebral vascular resistance (C.V.R.) in such 

a way that C.B.F. remains essentially unchanged (Betz, 1972). 

This is known as the autoregulation of C.B.F. and becomes inef

fective in the adult animal as soon as the mean systemic arterial 

blood pressure decreases below a critical value of 60-80 mmHg 

(Lassen, 1959) . Studies in the fetus underline the similarity be

tween fetal and adult brain in this respect. Purves and James 

(1969) noted that the autoregulatory mechanisms of the fetal 

C.B.F. became ineffective when the fetal blood pressure was re

duced to below 4 0 mm Hg.The critical blood pressure 

below which the autoregulation of C.B.F. is lost, was noted to 
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be lower in the fetus than in the adult. This difference may be 

due to anatomical differences in the cerebral vasculature.In our 

present study F.S.B.P. varied between 28 and 70 mmHg. No decreas

ed C.B.F. could be demonstrated for the lower F.S.B.P. values. 

Comparison with the study of Purves and James (1969) is,however, 

difficult because of the difference in experimental set-up. The 

fact that our present study was performed in a chronic fetal 

animal preparation may explain some of the discrepancy in the 

observed lowest limit of blood pressure at which a relatively 

high C.B.F. can be sustained. In eleven of the twelve fetal lambs 

in this study F.S.B.P. had increased in hypoxia. Such a trend 

has been noted frequently in both acute and chronic fetal studies. 

The increased output of catecholamines by the fetal adrenals in 

hypoxia (Comline et al., 1965; Jones and Robinson, 1975) may be 

responsible for this phenomenon. Considering that F.S.B.P. and 

C.B.F. changed in the same direction it was suggested by Assali 

et al. (1972a) that the rise in C.B.F. in hypoxia is probably 

secondary to the increase in F.S.B.P. However,the autoregulatory 

mechanisms tend to maintain an almost constant C.B.F. in response 

to an isolated increase of F.S.B.P. Чогео ег, a comparison 

of the magnitude of the C.B.F. and F.S.B.P. changes during hypox

ia indicates that the primary change is in C.V.R. (Mann,1970c; 

Jones et al., 1977), whereas the actual level of F.S.B.P. is of 

minor Importance as long as it remains above a critical level. 

Only in severe hypoxia a loss of autoregulation may develop 

(Häggendal and Johansson, 1965; Kogure et al., 1970) . Such a loss 

of autoregulation may even be beneficial to the fetal brain if 

the hypoxia is accompanied by a substantial rise in C.B.F. 

The exact mechanisms underlying the reciprocal rise in C.B.F. 

when [ 0-] is reduced are unknown. The fetal C.B.F.,or rather 

the C.V.R., may be regulated by a direct effect of molecular oxy

gen on the cerebral vessels. It has been suggested that the re

duction in molecular oxygen is effective via the accumulation of 

H+ ions (Kogure et al., 1970; Wahl et al., 1970). In addition 

to a direct oxygen effect it has been postulated that reflex vaso

constriction and vasodilatation may play a role in the oxygen-
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induced C.B.F, changes (Purves, 1972). 

The above discussion about the C.B.F.-oxygen relationship can be 

summarized as follows. The fetal brain is a vital organ which 

can be damaged irreversibly by a relatively short period of anox

ia. It is therefore equipped with adaptation mechanisms which 

permit its survival when the total organism is threatened by 

oxygen deprivation. Since hypoxic stress is one of the most com

mon stress conditions that confront the fetus in utero, it is 

not surprising to find that these adaptation mechanisms are well 

developed and synchronized. At first the fetal brain compensates 

for a reduced [ 0,] in the ascending aorta by increasing its 

blood supply. Since this mechanism may not be completely effec

tive in maintaining a constant oxygen supply, the cerebrum also 

is capable of extracting a higher proportion of the available 

oxygen. By a combination of an increased blood flow and a more 

efficient oxygen extraction the fetal cerebrum is able to main

tain its V0_ over a 1 to б mM range of [0-] variability. When 

the [0-] is further reduced to below 1 mM it is unlikely that 

both compensatory mechanisms will suffice to maintain cerebral 

aerobic metabolism at an appropriate rate.The exact nature of this 

"second stage" is still subject to speculation. As soon as the 

reserves of this stage are exhausted cerebral function starts to 

deteriorate. However,such an acute situation may not 

immediately lead to irreversible destruction of cerebral tissue 

since the fetal brain is somewhat less vulnerable to anoxia than 

the adult brain (Dawes, 1968). 

7.2.2. Cerebellum and brainstem 

Variations in Ce.B.F. and Br.B.F. in relation to oxygenation fol

lowed closely the pattern observed for the flow-oxygen relation 

of the cerebrum. In both cerebellum and brainstem a simi

lar reciprocal model was found to describe that relationship 

best, yielding an explained intra-animal variability 

in blood flow of 77%. The uniformity in structure of the flow-

oxygen relation suggests that similar regulatory mechanisms are 
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operative in all neural tissues. 

Despite this similarity a number of important differences were 

observed in this study between the Ce.B.F. and Br.B.F. on the one 

hand and the C.B.F. on the other. In normoxic conditions the 

flow to both cerebellum and brainstem was consistently 

higher than cerebral blood flow, indicating perhaps a higher 

overall local functional activity of the cerebellar and brain

stem structures (Sokoloff, 1957). Each of the three studied areas 

of the central nervous system (C.N.S.) tended to secure an ade

quate oxygen supply in hypoxia. However,only the brainstem suc

ceeded in maintaining a constant oxygen delivery in hypoxia. 

In both brain and cerebellum the flow increase was insufficient 

to maintain a constant supply of oxygen, thus requiring an in

creased efficiency of oxygen extraction in order to permit a 

constant VO,. This observation suggests a favorable position of 

the brainstem within the C.N.S. as far as protection from hypoxia 

is concerned. Favorable perfusion conditions for the brainstem 

and to a lesser extent for the cerebellum within the C.N.S. were 

indicated by a redistribution of blood flow with hypoxia. A re

duction in [On'a le^ t o a relilstribution of blood flow in favor 

of both cerebellum and brainstem. In severe hypoxia the 

unique position of the brainstem became apparent since in that 

condition flow redistribution favored the brainstem in compari

son to both cerebellum and brain. Thus in hypoxia the oxygenation 

of the phylogenetically older areas of the fetal C.N.S. seems to 

enjoy the greatest protection. 

In a number of adult studies the local distribution of blood 

flow within the brain has been investigated in normoxic unstress

ed conditions. These studies indicated that the distribution of 

local flow in the C.N.S. depends on the histological architecture 

of a certain neural structure. Several workers found by using 

different techniques an approximately five times higher flow in 

various grey matter structures as compared to areas of white mat

ter (Kety et al., 1963; Roth et al., 1970). 

In addition to this histological flow distribution it has been 

demonstrated by others that local flow in the C.N.S. was also 
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related to functional or metabolic activity. Sokoloff (1957) 

noticed that an increase in blood flow could be induced in the 

striate cortex, lateral geniculate ganglia and superior col-

liculi by photic stimulation of the retina. Similar findings 

have been reported by Leniger-Follert and Lflbbers (1976). They 

were able to induce an increase in local blood flow by way of 

local direct electric stimulation of the cerebral cortex. Since 

anesthetic drugs tend to depress sensory functions it is not 

surprising that the administration of these drugs has been re

ported to lead in general to profound changes in the local blood 

flow distribution of the brain (Landau et al., 1955; Smith and 

Wollman, 1972). Therefore local cerebral blood flow data obtain

ed in a chronic animal preparation cannot be compared with 

observations obtained in the anesthetized animal. 

In addition to local differences in C.N.S. flow distribution 

due to histological and functional differences, a developmen

tal difference in local distribution was demonstrable when pre

natal and postnatal observations were compared. It has been re

ported by several workers that ohylogenetically older areas of 

the brain receive in the fetal animal under normoxic conditions 

a relatively higher blood flow (Behman et al., 1970; Paton et 

al., 1973). These reports were based on acute experiments. Never

theless the experimental results in the present study which were, 

on the contrary, obtained in a chronic animal preparation are in 

agreement with these data. At birth the pattern of flow distri

bution within the C.N.S. may change substantially. Preliminary 

results of flow in newborn lambs in the first two postnatal 

weeks showed,in contrast with the observations in the fetus, a 

consistently higher C.B.F.as compared with Br.B.F.and Ce.B.F.There 

are some adult studies demonstrating that the pattern of flow 

distribution noticed in the newborn brain persists in adulthood 

(Roth et al., 1970; McMillan et al., 1974; Marcus et al., 1976). 

The differences between fetal and postnatal intracranial flow 

distribution might be the result of an increase in functional 

activity of the cerebral cortex after birth, but part of the 

change in flow distribution may also be due to the better state 
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of oxygenation postnatally. Furthermore, marked changes in the 

anatomy of the circulatory system occur at birth. It is not 

clear as to whether these changes contribute substantially to 

the alterations in local flow distribution in the neonatal brain. 

The pattern of local blood flow distribution in the fetal brain 

might be a function of PCO,. It has been demonstrated in the 

adult animal that arterial PCO- has an effect on the flow to 

cerebellum and brainstem, but the magnitude of the flow response 

may differ from that in the cerebrum (Marcus et al.,1976). 

Information on the effect of oxygen on flow distribution in the 

C.N.S. is scarce. In the adult animal,no appreciable differences 

in the magnitude of the local blood flow response to varia

tions of oxygenation were noticed (Haining et al., 1968; McMillan 

et al., 1974). In the fetus»on the contrary^a change in regional 

distribution of C.N.S. flow during exposure to hypoxia has 

been reported by Behrman et al. (1970) . These workers observed 

in the anesthetized fetal monkey a relatively better perfusion 

of the brainstem in hypoxia. In that particular study»though, 

total brain flow did not increase in hypoxia. This could have 

been due to the acute character of the experiments. It is also 

possible that the fetal monkey,with his larger brain in compa

rison with the fetal lamb,is restricted in increasing the al

ready large total brain flow when exposed to hypoxia. 

Myers (1975) has evaluated in the fetal monkey the vulnerability 

of the brain to different forms of asphyxia. Acute and total as-

Dhyxia induced by clamping the umbilical cord resulted 

in the degeneration of brainstem structures. When the asphyxia 

was only partial, a different distribution in tissue damage was 

seen in the fetal brain. It seems likely that during the expo

sure to partial asphyxia the local circulatory adaptation me

chanisms function at their best in the entire C.N.S. This is 

suggested by the low levels of oxygen which could be to

lerated before tissue damage developed and by the fact that the 

injury did not occur in specific regions of the C.N.S. but rather 

was characterized by a generalized swelling of the brain. The 

http://animal.no
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hypoxic stress to which fetal lambs were exposed in the present 

study seems to correspond to the normocarbic hypoxia described 

by Myers. In his experiments he noticed that fetuses 

subjected to a severe degree of normocarbic hypoxia showed 

injury largely restricted to the white matter. Since a study of 

extensive post-mortem material obtained from spontaneously occur

ring stillbirths in a rhesus monkey breeding colony has indicated 

a tendency for white matter injury, it seems likely that this 

form of asphyxia may be rather common in cases of spontaneous 

asphyxia in utero. In any case, the observations by Myers sug

gest that a high arterial PCO, protects cerebral white matter 

against damage and underline the beneficial effect of a con

comitant rise in PCO- during hypoxic stress in the brain. 

Present knowledge about the blood flow to fetal brainstem and 

cerebellum in relation to oxygenation can be summarized as fol

lows. In nonnoxic conditions there are major differences in the 

intracranial flow distribution according to histological structure 

and functional activity. In addition, a developmental differ

ence can be observed which is related to the moment of birth: 

Before birth ohylogenetically older brain areas like cerebellum 

and brainstem are better perfused in comparison to the cerebrum. 

Although the entire C.N.S. enjoys special protection against 

the risks of hypoxia by virtue of a flow increase which is in

versely related to arterial oxygen content, there is a redistri

bution of blood flow to cerebellum and brainstem during hypox

ia which favors these phylogenetically older brain areas. This 

redistribution process protects the cerebellum only up to a 

certain degree of hypoxia. Below an [ 0_1 of 2 mM ,the oxygen de-
¿. a 

livery to the cerebellum decreases. Therefore it is clear that 

the brainstem has a special position within the brain which is 

reflected by the preferential maintenance of its oxygen supply. 

This is not surprising since a number of highly perfused vital 

structures are located in the brainstem. The process by which 

the oxygen supply to the brainstem is protected may be slow. An 

abrupt onset of extreme hypoxia finds the brainstem particularly 

vulnerable. Furthermore there are indications that during extreme 
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hypoxia a high PC0
2
 will be beneficial to the brain, especially 

for cerebral white matter structures. 

7.2.3. Myocardium 

The blood flow to the fetal heart was linearly related to the 

reciprocal [
0
2'a" '

r h i s
 relationship permitted the fetus to 

maintain a constant oxygen delivery to the myocardium over the 

entire range of oxygen values studied in this report. 

Several investigators have observed marked increases in fetal 

M.B.F. during hypoxic stress (Campbell et al., 1967a; Rudolph and 

Heymann, 1973; Cohn et al., 1974) but could not determine whether 

the increase in M.B.F. would be large enough to maintain a constant 

myocardial oxygen supply, even in severe hypoxia. 

More information is available from adult studies due to exten

sive experimentation on the control of coronary blood flow in 

both the adult animal and man. It is generally believed that 

oxygen supoly and demand are well balanced. Little change in both 

myocardial oxygen supply and consumption seems to occur during 

hypoxic stress (Katz and Feinberg, 1958; Feinberg et al., 1958). 

Furthermore, the oxygen supply is almost entirely regulated by 

changes in coronary blood flow while variatiore in the proportion 

of oxygen extracted from the coronary blood are small (Detweiler, 

1973). The oxygen supoly to the adult heart amounts to approxi

mately 650 ν mol.min" .100 g~ which is slightly lower than that 

observed in the present study (+ 760 μ mol.min .100 g 1. It 

should be noted that this agrees with the results of a study 

reported by Friedman (1972), which suggest a higher myocardial 

oxygen consumption in the fetus as compared to the adult. An age-

related difference in energy requirements, which may contribute 

to additional cardiac oxygen uptake is tne rapid growth of the 

heart in early life. In the adult it has been reported that about 

two thirds of the oxygen supplied by the arteries is consumed by 

the myocardial tissue (Detweiler, 1973). This proportion is not 

known for the fetus but there is no reason to expect large dif

ferences between fetus and adult in this respect. 
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The rhythmic contraction of the cardiac muscle has several con

sequences for the perfusion of the myocardium, which are not en

countered in other regions of the circulatory system. The myocar

dial wall of the heart not only furnishes the pressure head for 

driving blood into the coronary arteries but also offers a phasic 

resistance to coronary flow, particularly in the subendocardial 

regions of the myocardium (Sabiston and Gregg, 1957; Heyndrickx, 

1974; Archie, 1975). Changes in blood pressure and heart rate 

are mechanical factors which lead to important alterations in 

the distribution of blood flow within the cardiac muscle (Heyn

drickx, 1974; Lundgren et al., 1975). 

It has been postulated (Celiai et al., 1973) that tissue oxygen 

tension is the most important regulator of M.B.F., although the 

effect of tissue PO, may be mediated by substances such as adeno

sine andpotassium (Haddy et al., 1968). The close relationship 

which was found in this study between [ 0-] and M.B.F. indicates 

that the effect of other variables like blood pressure, pH and 

PCO, was of minor importance. The absence of a pH effect in fe

tal coronary flow has been reported (Cohn et al., 1974). Infor

mation about the effect of PCO. and blood pressure on M.B.F. is 

only available from adult studies, Berne and Levy (1967) report

ed that - like C.B.F. - also M.B.F. is autoregulated, 

which means that, within certain limits, changes in blood pressure 

have no effect on coronary blood flow. The coronary response 

in the adult to PCO-and pH is modest in conditions of unchanged 

systemic cardiovascular dynamics (Detweiler, 1973). The effect 

of changes in these parameters on the coronary blood flow in the 

fetus is therefore probably small too. 

The increase in fetal M.B.F. during hypoxic stress cannot be 

considered as an isolated phenomenon since the stress condition 

generates a number of changes in the fetal cardiovascular sys

tem which effect both cardiac function and coronary circulation.A 

higher catecholamine release by the fetal adrenal glands (Comline 

et al., 1965; Jones and Robinson, 1975) will lead to an increased 

concentration of circulating catecholamines in the fetal blood. 

As a result the contractile force of the fetal cardiac muscle 
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will be increased giving rise to a higher mechanical efficiency 

of the fetal heart (Friedman,1972). Furthermore the higher con

centration of epinephrine and norepinephrine in the fetal blood 

may negatively affect the development of hypoxic coronary vaso

dilatation by stimulation of alpha-adrenergic receptors in the 

coronary vessels (Vatner et al., 1974). 

Hypoxia not only stimulates the catecholamine output of the fetal 

adrenals but also triggers a chain of neural reflexes which in

fluence cardiac function as well as coronary circulation. 

In the intact adult animal (Detweiler, 1973) and in the mature 

fetal lamb (Dawes et al., 1969b), these reflexes primarily arise 

from the chemoreceptors in the carotid and aortic bodies. Stimu

lation of these chemoreceptors in the mature fetal lamb causes 

a rise in blood pressure and femoral vasoconstriction (Dawes et 

al., 1969b). A low Ρ 0
2
 in the arterial blood perfusing the brain 

elicits a reflex response from the C.N.S. which has a profound 

effect on the cardiovascular system (Cross et al., 1963). The 

response is characterized by marked bradycardia, intense peri

pheral vasocontriction, sharply reduced muscular metabolism, and 

maintenance of both blood pressure and perfusion of heart and 

brain. This reflex response closely resembles the diving reflex 

(Scholander, 1959; Andersen, 1966). The diving reflex appears 

to be a general phenomenon since it has been found in all species 

of birds and mammals including man wherever it has been looked 

for. The diving reflex enables the diving animal to prolong 

apnea approximately fivefold without irreversible damage to the 

organism (Murdaugh et al., 1968). An important oxygen-conserving 

role of such a diving reflex in the fetal organism during ex

posure to hypoxia has been proposed by Scholander (1959). The 

presence of this central chemoreceptor reflex in the fetus would 

have a beneficial effect on the coronary circulation. In addition 

to reflexes which develop in response to changes in the chemical 

composition of blood during hypoxia, there are also alterations 

in the baroreceptor reflex which have consequences for fetal myo

cardial function and perfusion. Increased chemoreceptor 

activity gives rise to a central 
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Inhibiting effect on the baroreceptor reflex arch (Körner, 

197 D^esulting in a higher set point for the fetal blood pressure 

(Born et al. 1956). Moreover, the rise in fetal blood pressure 

probably increases baroreceptor activity, resulting in a higher 

vagal tone. Such a higher vagal tone has been found to cause 

parasympathetic coronary vasodilatation independent of the nega

tive chronotropic and inotropic actions of the vagus (Feigl,1969). 

However, altogether local changes in the concentration of oxygen 

play a more important role in the regulation of coronary perfu

sion than extrinsic factors. These factors indirectly may have 

a favorable effect on M.B.F. via changes in cardiac function. 

Present knowledge of the blood flow to the fetal heart in 

relation to oxygenation can be summarized as follows. The oxygen 

supply to the myocardium is maintained over a wide range of fe

tal oxygenation. The tight correlation between M.B.F. and oxygen 

suggests that coronary blood flow is regulated predominantly by 

oxygen, most likely locally by the tissue oxygen tension in the 

way which has been postulated in the adult, if the fetal heart 

does not-as does the adult heart- increase its oxygen consumption 

during exposure to hypoxia, the maintenance of the oxygen supply 

would be sufficient to prevent tissue hypoxia of the cardiac 

jijuscle during the condition of a reduced [ O2] During hypoxia 

the cardiac muscle as well as the coronary circulation were pro

bably influenced by extrinsic humoral and neural factors which 

have a favorable effect on cardiac function by improving 

its efficiency. The modifying effect on cardiac function may be 

paralleled by relieving side effects on the coronary circulation. 

7.2.4. Adrenala 

In this study it was noticed that the flow response of the fetal 

adrenals to changes in [ 0-] was similar to that found for brain 

and heart. An increasing blood flow to the fetal adrenals when 

exposed to hypoxic stress has been reported previously by seve

ral investigators (Behrman et al., 1970; Rudolph and Heymann, 

1973; Cohn et al., 1974). The flows measured in the present 



160 

study agree with the experimental results reported 

by Cohn et al. (1974) who found, in a similar experimental set

up, an approximately three-fold increase in fetal adrenal blood 

flow when the fetal lambs were exposed to the stress of hypoxia. 

The reciprocal change of Ad.B.F. in relation to oxygen suggests 

that the blood flow to the adrenals is regulated by mechanisms 

similar to those operative in the brain and myocardium. However, 

this suggestion may not be correct for the following reasons. 

First, the Ad.B.F.-oxygen relation was more variable, yielding 

an experimental error of approximately 30%. This suggests that, 

besides the [ 0.,] , other factors may play a role in the regula-
¿. a 

tion of fetal Ad.B.F. Secondly, the physiologic meaning of the 

hypoxic flow increase to the adrenals is likely to be different 

from that to the brain and heart. The adrenals extract only a 

very small proportion of the supplied oxygen (Urquhart, 1965). 

In addition, hypoxia has a profound effect on adrenal function. 

In the fetus there is an abundant amount of catecholamines stor

ed in the adrenal medulla (Friedman, 1972) , the innervation of 

which is not yet completed (Comline and Silver, 1961). Further

more hypoxic stress in the fetus induces an increased release of 

catecholamines (Comline et al., 1965; Jones and Robinson, 1975). 

Since a low PO- might induce .although to a lesser extent, an in

creased hormone output from the denervated adrenals in the 

mature fetal lamb (Comline et al.,i965), it is likely that the 

hypoxic effect on the adrenals glands should be partly direct. 

The P0_ effect will be more and more mediated via the splanchnic 

nerves as the maturation of the adrenal innervation proceeds. 

The progressive increase in catecholamine output by the fetal 

adrenals in deepening hypoxia resembles the Ad.B.F.-oxygen rela

tion found in the present study. Therefore it is possible that 

the observed increase of Ad.B.F. with hypoxia is part of the me

chanism by which catecholamines are released. 

The release of catecholamines in the fetal blood during hypoxic 

stress underlines the importance of catecholamines in the adap

tation of the fetal organism to hypoxia. Catecholamines have im

portant physiologic functions. One of the most important for the 
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fetus is to maintain or increase blood pressure which is of vital 

mportance in the maintenance of placental perfusion (Dawes et 

al., 1956; Dawes, 1968). 

Information in the literature about the effect of hypoxia on the 

adrenal cortex has been obtained primarily from experimentation 

in the adult animal. It has been reported that chemoreceptor 

stimulation during hypoxia leads to activation of the hypothala-

mo-hypophyseal system (Marotta, 1972a; Marotta, 1972b). The re

sulting increased ACTH output by the pituitary gland will 

induce the adrenal cortex to increase the production and output 

of corticosteroids. ACTH does not seem to influence Ad.B.F. 

(l'Age et al., 1970; Wright, 1963). However, the increase in Ad. 

B.F. which develops in hypoxia may contribute to the release 

of steroids stored within the adrenal glands (Marotta, 1972b). 

The exact function of the adrenal cortex in the fetus during hy

poxic stress is still obscure. The secretory rate of the adrenal 

cortex in the fetus under normoxic undisturbed conditions is 

similar to that of the adult(Bassett and Thornburn, 1969). Fur

thermore, both ACTH and corticosteroids have been found to 

increase in the fetus in response to hyooxia (Boddy et al.,1974b), 

whereas the responsiveness of the adrenal cortex to ACTH 

stimulation in the fetus has been clearly demonstrated by 

Liggins (1969). It is possible that, in the fetus as in the adult, 

the increased blood flow through the adrenal gland in hypoxia 

will passively mobilize certain amounts of preformed steroids 

stored in the adrenal gland. 

The effect on Ad.B.F. of other variables besides oxygen,such as pH, 

PCO- and blood pressure, was not evaluated in this study. Cohn 

et al. (1974) have suggested that a reduction in pH does not mag

nify the hypoxic increase in Ad.B.F. Information on the effect 

of changes in PCOn o n fetal Ad.B.F. is lacking. In a few adult 

studies the effect of changes in blood pressure on Ad.B.F. was 

investigated (Urquhart, 1965; Walker et al., 1959). Their results 

suggested that an increase in blood pressure would be paralleled 

by a rise in Ad.B.F. which would indicate a lack of autoregula-
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tion in the adrenal qlands. However, these results were obtained 

under unphysiologic experimental conditions and they do not 

prove the absence of autoregulation of Ad.B.F. in a chronic 

animal preparation. 

Present knowledge about the blood flow to the fetal adrenals in 

relation to oxygenation can be suimnarized as follows. The struc

ture of the Ad.B.F.-oxygen relation closely simulates that of 

the flow-oxygen relation in the brain and the heart, suggesting 

similar regulatory mechanisms. However, hypoxia also stimulates 

peripheral and central chemoreceptors which may activate the 

adrenal medulla and which may be partially responsible for the in

creased adrenal blood flow.Furthermore,increased adrenal blood 

flow in hypoxia may be part of the mechanisms that increase the 

output and secretion of corticosteroids and catecholamines by the 

fetal adrenal cortex. The function of the increased Ad.B.F. in 

hypoxia may be to mobilize stored catecholamines, thus 

preventing a complete dependence of the fetal organism on a not 

yet completely matured adrenal innervation. In addition, it may 

facilitate secretion by increasing the capillary surface within 

the hormone-producing tissue and by increasing the concentration 

gradient of hormone between cells and capillary lumen. 

7.3. Organs in which the blood flow decreased progressively 

in hypoxia as a function of arterial oxygen content. 

7.3.1. Lungs 

In the present study the fetal pulmonary blood flow was low in 

hypoxia and increased progressively when the blood perfusing the 

lungs became better oxygenated. This observation is in agreement 

with the evidence in the literature indicating that hypoxia in 

the fetus evokes a reduction in pulmonary blood flow due to pul

monary vasoconstriction (Campbell et al., 1967b; Brinkman et al., 

1970; Cohn et al., 1974; Lewis et al., 1976). Under control con

ditions of oxygenation, defined for the lungs as being the condi-
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tion where the [0,] in the right ventricle ranged between 3 and 
-I -l 

4 mM, the L.B.F. averaged 85 ml.min .100 g . This value is in 

agreement with the control pulmonary blood flow reported pre

viously for the unstressed near-term fetal lamb (Cohn et al., 

1974; Rudolph and Heymann, 1974) but is lower than control values 

for L.B.F. published by others (Assali et al., 1964; Cassin et 

al., 1964). The difference might be due to dissimilarity in the 

level of oxygenation during control conditions, since small dif

ferences in [0,]_ in normoxia were accompanied by large differ
 -

ζ a 

enees in L.B.F. 

During the exposure to hypoxia the L.B.F. was reduced. In this 

study the L.B.F., which was measured in the oxygen range between 

1 and 2 mM,averaged 49 ml.min .100 g . The reduction was small 

in comparison with the L.B.F. in control conditions of oxygena

tion, and it is therefore questionable whether the redistribution 

of fetal cardiac output in hypoxia is influenced appreciably by 

this modest decrease in L.B.F. Ouantitatively similar small 

decreases in L.B.F.in response to hypoxia have been reported by 

Cohn et al. (1974) in comparable experimental conditions. It 

seems likely that L.B.F. cannot be further reduced when the [0-] 

decreases below a certain level. In other words, L.B.F. may 

reach its minimum levels under conditions of only mild hypoxia. 

The exact mechanism of the hypoxic pulmonary vasoconstriction in 

the fetus is not known. It is generally accepted that oxygen plays 

an important role at the local level (Campbell et al., 1976b). 

Dawes, 1968; Lewis et al., 1976). The effect of neural and humo

ral factors is probably small in comparison with the direct ef

fect of oxygen ,especially in normoxia and moderate hypoxia (Lewis 

et al., 1976; Rudolph and Heymann, 1974; Dawes, 1968). In deep

ening hypoxia neural and humoral factors may become increasingly 

important (Colebatch et al., 1965). Of particular interest is the 

influence of the C.N.S. on the fetal lungs in severe hypoxia. 

Such an influence is illustrated by the sharp drop in spontaneous 

chest movements in hypoxia in the chronic fetal lamb preparation 

(Dawes et al., 1972; Maloney et al., 1975). This reduction in 

respiratory activity may be related to the diving reflex - a 
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central chemoreceptor-mediated reflex which has been discussed 

for previous organs. The diving reflex which enables the diving 

animal and probably also the fetus (Scholander, 1959) to with

stand episodes of asphyxia may also affect lung movements and 

circulation in the fetus. The composition of the gaseous mixture 

in the alveoli of diving animals during a dive suggests that, 

besides the marked reduction in total pulmonary perfusion, there 

is also a regional redistribution of lung flow away from exchange 

areas (Andersen, 1966). A regional flow redistribution in the 

fetal lungs might be beneficial during severe hypoxia if the 

overall oxygen requirement of the fetal lungs, which amounts to 

approximately 7% of the total fetal oxygen consumption in control 

conditions (Dawes, 1968), has to be restricted temporarily. An 

efficient redistribution might permit the adequate perfusion of 

the most vulnerable tissue elements of the lungs, thus contribut

ing to the prevention of potential tissue damage. 

In addition to neural and humoral factors, also metabolic chan

ges may influence the oxygen response of the fetal pulmonary 

vasculature. Although a reduction in pH (Rudolph and Yuan, 1966) 

and a rise in PCO_ (Malik et al., 1973) have been reported to 

potentiate the vasoconstrictive effect of hypoxia in the post

natal period, no such a consistent effect could be demonstrated 

for the fetus (Johnson et al., 1971; Dawes, 19 68). 

A rise in the [ 0̂ ] of the right ventricle above 4 mM led to a 

marked increase in the L.B.F., causing important changes 

in the distribution of the combined cardiac output. There were 

indications that for high levels of ^02^a t h e f e t a l cir~ 

culatory pattern assumed postnatal characteristics with a L.B.F. 

amounting to as much as 40% of the combined cardiac output and 

with blood flows through the foramen ovale and the ductus arte-

riousus sharply reduced. There is no uniform agreement in the 

literature on this matter. Whereas Assali et al .(1968) observed 

in acute experiments large increases in L.B.F. by exposing the 

ewe to hyperbaric oxygen, Lewis et al. (1976) found only modest 

increases in pulmonary blood flow when the inspired oxygen frac

tion in the ewe was raised. It is possible, though, that the 
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increase in pulmonary artery PO, in the latter study was too 

small to induce important changes in L.B.F. 

The exact mechanisms which are responsible for the progressive 

increase in fetal pulmonary blood flow at high levels of oxygena

tion are still unknown. The vasodilatation may be effectuated 

at two levels. Firstly, because of the vasoconstriction of the 

ductus arteriosus(Heymann and Rudolph,1975),the major portion of 

the right ventricular output will be forced into the main pulmona

ry artery.Secondly,at the level of the microcirculation, possibly 

postcapillary (Gilbert et al., 1972), the vascular resistance 

may be reduced by the local action of oxygen. Acetylcholine 

(Lewis et al., 1976) and bradykinin (Heymann et al., 1969), known 

to be potent pulmonary vasodilators in the mature fetal lamb, may 

be released by a direct effect of oxygen. Whether the C.N.S. 

is actively involved by an increased vagal tone is not known. Its 

effect has been assumed to be much less important than the direct 

effect of oxygen. 

Whether the pulmonary circulatory adaptation to hyperoxia has a 

beneficial effect for the fetal organism is not clear. Perhaps 

it is only anticipatory of changes that take place at birth. How

ever; it is unlikely that these changes are harmful to the fetus. 

The increased cardiac output probably does not require an in

creased cardiac effort because of the reduced fetal blood pres

sure at higher levels of [От^а*
 I n
 Э'З'

11
·*

1011
» all fetal organs 

seem to be perfused adequately. A potential risk for the fetus 

with chronic better-than-normal oxygenation might be the 

premature closure of the ductus arteriosus which would deprive 

it of the possibility to cope again with less oxygenated condi

tions. 

In the framework provided by the literature,the results for L.B.F. 

in relation to oxygenation can be summarized as follows. Pulmona

ry blood flow is low in hypoxia due to active vasoconstriction. 

This seems to be primarily a direct local effect of oxygen. Chan

ges in [ О,]
a
 in the pulmonary artery between 1 and 3 mM do not 

lead to important changes in L.B.F. In severe hypoxia increased 

levels of catecholamines will reinforce to the oxygen-induced 
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pulmonary vasoconstriction, whereas central and peripheral 

reflexes may play a role in reducing the pulmonary oxygen require

ments by inhibiting respiratory movements. These reflexes may 

also actively induce regional redistribution of lung flow to 

protect the more vulnerable areas in the lungs. The pulmonary 

blood flow increases progressively when the fetal oxygenation 

is improved. In this study, when the [ (̂ la in the pulmonary ar

tery was raised above 4 mM, changes in L.B.F. became larger for 

each further increment in oxygen. The changes that occur in 

the fetal circulation at these high levels of oxygen are proba

bly unimportant for the fetus itself. Rather they indicate the 

important role that oxygen plays at birth in establishing the 

postnatal flow pattern. 

7.4. Organs In which the blood flow reached a maximum at a 
certain level of arterial oxygen content 

7.4.1. Kidneys, ileum and jejunum, carcass 

The flow-oxygen relation for kidney, carcass, ileum and je

junum was more complex than that for the organs discussed 

previously. Two different patterns of flow response 

could be distinguished at either side of a certain maximum value 

of blood flow. Vasoconstriction was triggered within these or

gans when the oxygen was reduced below a particular value of 

[ 0-] . Inspection of the flow-oxygen relations shows that active 

vasoconstriction in kidneys, ileum/jejunum and carcass developed 

when the [ 0-] in the supplying artery was reduced to below 

approximately 2.5 mM. 

Several workers in the field of fetal physiology have reported 

similar findings. In a number of acute studies it was noticed 

that during the stress of fetal hypoxia a reduction in renal and 

femoral blood flow occurred (Assali et al., 1962b; Campbell et 

al., 1967a; Dawes et al., 1969; Behrman et al., 1970). Such a 

decrease in renal and femoral blood flow as well as a reduction 

in intestinal blood flow during hypoxic stress has been described 



167 

recently for the chronic fetal animal preparation too (Cohn et 

al., 1974). The absolute flow data obtained in the 

present study were compared with the flow data obtained by Cohn 

et al. (1974) under corresponding experimental conditions. The 

control data by Cohn et al. for renal and skeletal blood flow 

are in agreement with the flow data obtained in the 

present study in the oxygen range above 2.5 mM. However, the blood 

flow to the ileum/jejunum at [02]a > 2.5 mM was twice as high in 

our study. Differences in the cleaning procedure of the intes

tinal tract prior to grinding may have caused that discrepancy. 

In addition it was noted in the present study that the regional 

flow distribution within the intestinal tract was not uniform. 

Ileum and jejunum were better perfused than stomach and colon. 

This uneven perfusion was observed over the entire studied range 

of oxygenation. It is likely that the overall gut flow will be 

lower than the blood flow to ileum/jejunum, which may also 

explain part of the mentioned flow discrepancy. It is difficult 

to compare our flows to kidney, ileum/jejunum and carcass 

obtained between 1 and 2.5 m4 of [O2]a in the present study with 

the hypoxic flow results to these fetal regions reported by Cohn. 

In the present study a sharp drop in flow to these organs was 

noticed when the [0,] was reduced to below 2.5 mM. Below 1.3 mM 

[O,]. even a minimal reduction in [02]a would be accompanied by 

a large reduction in flow. Cohn et al. found only a significant 

reduction in the flow to kidney, gut and carcass, when hypoxia was 

complicated by acidemia. It is likely that the acidemic group of 

animals should be slighly more hypoxic than the non-acidemic 

group of animals. A small difference in oxygenation between the 

two groups, not reflected in a difference in arterial PO^, might 

be associated with significant differences in blood flow. 

The similarity in flow response to changes in oxygenation of kid

ney, intestinal tract and carcass suggests that the same mecha

nisms elicited the regulation of blood flow to these regions. A 

combination of increased levels of circulating catecholamines 

(Barrett et al., 1972) and neural factors probably induced the 

progressive vasoconstriction when the I 0_] was reduced to below 
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2.5 mM. Severals years ago Dawes demonstrated in the acute fetal 

preparation an important role of the aortic chemoreceptors in 

the regulation of blood flow distribution during hypoxia in fe

tal lambs after0.70 of term (Dawes, 1969a). Section of the aor

tic nerves abolished the rise in arterial pressure, tachycardia, 

and hindlimb vasoconstriction during hypoxemia. Under these cir

cumstances arterial pressure fell and there was vasodilatation in 

the femoral vascular bed attributed to the well-known local ef

fect of oxygen lack. The effect of anesthesia on this reflex pat

tern is probably minor since section of the carotid sinus and 

aortic nerves also abolished the reflex activity during hypoxia 

in the unanesthetized (adult) animal (Chalmers et al., 1967). In 

the present study a threshold for the probably reflexogenic vaso

constriction in the peripheral circulation was found at approxi

mately 2.5 m4 [0-1. This contrasted with Dawe? Undings (Dawes, 

ζ a 

1969b) that the mature ( > 0.7 gestation) fetal circulation is 

under tonic control of the aortic chemoreceptors over the entire 

physiologic range of oxygenation. A difference in experimental 

procedures may explain this discrepancy between the two studies. 

It is likely that in the severely hypoxic fetus,besides peri

pheral, also central chemoreceptors should be activated.As a result 

the probably intensified vasoconstriction in kidney, intestines 

and carcass will be accompanied by an intense bradycardia. The 

latter combination of reflex responses resembles the 

diving reflex which we have already mentioned m this discussion. 

In severe hypoxia the action of neural and humoral factors is 

probably important in promoting the efficient redistribution of 

blood flow in the fetal cardiovascular system, including a redis

tribution within individual organs.Information on the redistri

bution of intra-organ flow in kidney, gut and carcass in the 

hypoxic fetal animal is scanty. In some adult studies evidence 

has been produced that during several stress conditions includ

ing hypoxia, the intrarenal blood flow is redistributed from the 

outer to the inner cortex (Pomeranz et al.,1968;Carrière, 1975). 

Such a redistribution of intrarenal blood flow has a number of 

consequences for renal function. They vary from a higher so-
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dium reabsorption and lower urine output (Pome-

ranz et al., 1968), to a complete cessation of renal function 

(Murdaugh et al., 1961). If a similar change 

in intrarenal flow distribution and renal function occurs 

in the fetus during hypoxia a reduction in fetal urine production 

miqht develop. A marked reduction in fetal urine flow has 

been reported in the fetal lamb during surgical stress (Gresham 

et al., 1972). This modification of fetal renal function might 

benefit the adaptation of the cardiovascular system to hypoxia 

because of an increase in circulating blood volume. In addition 

a redistribution of intrarenal blood flow from the outer to the 

inner cortex may reduce the amount of sodium presented to the 

tubules for reabsorption,thus reducing the renal oxygen consump

tion. 

In the present study the blood flow varied markedly in different 

regions of the intestinal tract whereas also the intensity of the 

vasoconstrictive response to hypoxic stress showed large varia

tions between different intestinal subsections. In the premature 

newborn, necrotizing entero-colitis (N.E.C.) has been described 

to occur in relation to perinatal asphyxia. The consistency in 

the localization of the lesions in stomach, terminal ileum, and 

colon suggests a selective vulnerability of certain parts of the 

intestinal tract to hypoxia (Touloukian et al., 1972). This se

lective vulnerability may result from regional overshooting of 

the reflexogenic vasoconstriction. The diving reflex probably 

plays an important causal role in this respect (Lloyd, 1969). 

In the present study no information was obtained on the occur

rence of local flow redistribution within the fetal "carcass" in 

relation to oxygenation. To our knowledge no such information is 

available in the literature,but a study in diving animals is note

worthy in this context. Johansen (1964) has provided evidence 

that during submersion the C.N.S. is not limited to an on-off 

response in controlling the blood flow to various muscles of the 

body. It was noticed that the C.N.S. was equipped with the abi

lity to discriminate in the distribution of blood flow to any 
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subsystem of the skeletal muscles. For example: Blood flow to 

the eye muscles was increased in the diving animal searching 

for food, while flow to the pectoral muscle and neck muscles 

was reduced to virtually zero. 

The role of PCO- in the regulation of blood flow to the fetal 

kidneys, intestinal tract, and carcass in a chronic fetal animal 

preparation is still obscure. In the physiologic range of PCO-

values,no important effect of this parameter on blood flow in 

these tissues seems to occur. Béguin et al. (1974) reported a 

slight tendency of the renal vascular resistance to increase in 

hypercapnia, although their results are not convincing,primarily 

because of the assumptions made in order to calculate 

blood flow to the fetal kidneys. PCO- may stimulate the aortic 

chemoreceptors which, in turn, may enhance the chemoreceptor re

flex vasoconstriction in kidneys, intestinal tract 

and carcass. Such an action of PCO- has been proposed for the 

adult (Norman et al., 1970). The fetal blood pressure in the un

stressed fetal lamb is low in comparison with the adult mean ar

terial pressure. Autoregulation of blood flow to various organs 

such as kidney, intestines and skeletal muscle (Ross, 1971), 

may be absent in the fetus, if adult pressure standards apply 

to the fetal condition. In the present study F.S.B.P. ranged 

usually between 30 and 50 mmHg. Unfortunately it was not possi

ble to determine a relation between the blood flows 

to kidney, intestines and carcass on the one hand and F.S.B.P. 

on the other. The possible absence of autoregulation m the fetus 

underlines the importance of maintaining the blood pressure in 

any condition of fetal stress. 

In the framework of the literature the effect of oxygenation on 

the blood flow to fetal kidney, ileum/je]unum and carcass can be 

summarized as follows. In the [0,] range above 2.5 m4 the flow 

in these fetal regions is primarily affected by local factors. 

In this portion of the oxygen range the flow-to-metabolism ratio 

is probably maintained (Haddy and Scott, 1968). A reduction of 

[ 0-] from 6 to 2.5 mM will slightly increase the output of ca-
2. a 

techolamines by the adrenal^ thus slightly affecting the local 
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flow-modifying mechanisms. A reduction of [Q,] to below 2.5 mM 

will trigger a number of central and peripheral chemoreceptor 

reflexes which lead to active vasoconstriction in these vascular 

beds. These reflexes are aided by a progressive increase in 

circulating catecholamines. To prevent organ damage the redistri

bution in organ flow will be carried on within the borders of 

the individual organ systems.The function of compromized organs 

in the fetus will be adapted to the stress condition of hypoxia, 

which may reduce the oxygen consumption of a number of these or

gans. 

7.5. Organs in which changes in blood flow did not coincide with 

variations in arterial oxygen content 

7.5.1. Placenta 

In this study changes in fetal placental blood flow were small 

in relation to oxygenation. An average umbilical flow of about 

200 ml.min .kg fetus was measured over the entire range of 

studied oxygen values. This value is in agreement with the 

absolute values for umbilical flow reported in the unstressed 

fetal lamb preparation with a variety of techniques (Meschia et 

al., 1967; Faber et al., 1972; Berman et al., 1975b). Umbilical 

blood flow which represents approximately 40% of the combined 

ventricular output in the unstressed fetal lamb near term (Ru

dolph and Heymann, 1970), has been reported not to change sig

nificantly in the chronic fetal lamb preparation during the 

stress of hypoxia (Cohn et al., 1974). The results in this study 

are in agreement with these observations. 

Changes in perfusion pressure have a strong effect on fetal pla

cental blood flow. An isolated rise in umbilical artery pressure 

has been demonstrated to induce a concomitant increase in placen

tal blood flow (Dawes, 1968; Berman et al., 1976a). Therefore it 

is remarkable that the flow to the placenta remained unalterated 

in hypoxia whereas,at the same time, the F.S.B.P.had significant

ly increased. An unchanged umbilical blood flow in hypoxia could 
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only be a result of either a rise in placental vascular resis

tance or an increase in umbilical venous pressure. Since only 

minor changes have been reported to occur in the central venous 

and umbilical venous pressure during hypoxia (Dawes, 1968) it is 

likely that the placental vascular resistance is increased at 

reduced levels of oxygen. Norepinephrine causes vasoconstriction 

in the placenta of a chronic fetal lamb preparation (Rankin and 

Phernetton, 1976a). It is possible that the increased 

levels of catecholamines in hypoxia may elicit a vasoconstrictive 

response in the placental bed. 

A hypoxic increase in placental vascular resistance may be a re

sult of a variety of physiologic adjustments within the pla

cental bed. According to the available evidence, it appears that 

the transplacental diffusion of oxygen is predominantly diffusion-

limited rather than flow-limited during the stress of hypoxia 

(Meschia, personal communication ). Consequently an increased 

placental flow in hypoxia would probably not be advantageous for 

the fetus. It would slightly increase the[ O2]content in the des

cending aorta by narrowing the umbilical venous-arterial differ

ence of (02]content, but it would impose a burden on the fetal 

heart by increasing cardiac output. Beneficial effects might be 

derived from intraplacental adjustments which tend to improve 

the actual process of oxygen diffusion. For this purpose flow 

may be redistributed predominantly to the exchange areas. In 

addition a higher vascular resistance suggests the possibility 

of a modification of the vascular configuration in the placenta 

which would allow a longer exposure time of fetal to maternal 

blood and thus enhance transplacental oxygen diffusion. 

Fetal placental blood flow is not only insensitive to changes in 

[ 0-] but also to changes in femoral PC02, pH and most vaso

active agents (Dawes, 1968). Besides catecholamines only Pros

taglandines have been found to influence the placental perfusion 

in the unstressed fetal lamb. Their role may be of utmost impor

tance at birth (Rankin and Phernetton, 1976b). 

In this study a correlation was found between fetal placental 

flow and fetal as well as olacental weights. The sheep pia-
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centa reaches its full size already after 90 days of pregnancy 

(Dawes, 1968). The placental flow per unit placental weight con

tinues to increase with advancing pregnancy while the fetus is 

growing. The relationship between flow and fetal weight there

fore reflects nothing more but the maturation of the placental 

perfusion in the last third of pregnancy. The relationship be

tween placental flow and placental weight suggests that the pla

cental weight, which reaches its maximum early in preg

nancy, may become a flow-limiting factor near term. In other 

words the maturation process of the placental bed which leads to 

an increase in total placental flow in the last two months of 

pregnancy in the sheep will provide at any given fetal age a 

relatively small flow if the placenta is small. 

Higher values of "control" fetal blood pressure were observed 

in those fetal lambs in which the fetal-to-placental weight ratio 

was higher. Since the sheep placenta reaches its maximum 

weight two months prior to term, it is likely that this pheno

menon reflects, at least in part, a time-dependent increase of 

fetal blood pressure as the fetus attains maturity. However, if 

the placenta is small, a high level of blood pressure may be 

reached at a comparatively lower fetal weight, perhaps as an 

attempt to improve the flow of blood through the placenta. In 

other words: The occurrence of a relatively high control blood 

pressure in a small fetus might indicate that such a fetus has 

to rely on a relatively small placenta. This fetus might be af

flicted with a lower margin of safety in certain stress condi

tions. 

The results for placental blood flow obtained in this study and 

discussed in the context of the literature can be summarized as 

follows. The flow to the placenta - which amounts to about 40% 

of the combined ventricular output - is relatively constant over 

a wide range of oxygen values.During the stress of hypoxia an in

crease in placental vascular resistance keeps the placental flow 

from increasing in response to the elevated blood pressure. In 

this way an unnecessary effort of the fetal cardiovascular sys-
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tem to increase placental perfusion is averted. Vascular adjust

ments within the placenta which tend to improve transplacental 

diffusion of oxygen would be more beneficial than an increase of 

blood flow. Total placental flow was correlated with both fetal 

and placental weight. An elevated blood pressure in a small fetus 

might reflect the existence of a small placenta and a reduced 

placental flow. As a consequence such a fetus might have a lower 

margin of safety, not only during the stress of hypoxia, but also 

during other stress conditions involving transplacental exchange. 

7.6. The acid-base balance at different levels of arterial 

oxygen content 

In normoxic conditions the addition of new H ions to the fetal 

body, whether by transplacental uptake from the maternal circu

lation or by fetal metabolism,is balanced by the action of chemi

cal or physiological mechanisms which normally remove them as rapid 

ly as they are formed so that the concentration of H ions in 

the body fluids remains reasonably constant. A variety of buffer 

systems which are present in the extracellular and cellular 

fluids, function as a first line of defense in preventing al

teration in the concentration of H ions by the addition of 

acids or bases, and to keep the H concentration of these fluids 

within the normal range. 

Quantitatively the most important buffer systems in the fetal plas

ma are, as in the adult, sodium bicarbonate (NaHCO-) 

and carbonic acid (H CO,). The normal ratio of the components m 

this buffer system in the plasma is: 

[HC0
3
~ ] [ЧСОз" ] 26 mM 20 

S a э - 38 -
0.0301 · PCO [ H CO ] 1.3 mM 1 

As the pK (= negative logarithm of the dissociation constant of 

carbonic acid) of the bicarbonate - carbon dioxide system is 6.1, 

it can be calculated from the Henderson-Hasselbalch equation 
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that, as long as this ratio of bicarbonate and carbon dioxide is 

maintained, the pH will be 7.40: 

[HCO3~] 

pH = pK + log a 6.10 + log 20 s- 7.40 - 39 -
[co2 ] 

Changes in the ratio of bicarbonate and carbon dioxide will lead 

to changes in the pH of the maternal as well as the fetal 

blood. 

The acid-base balance of the fetal blood cannot be discussed 

without taking into account the interrelation with the maternal 

acid-base balance. The diffusibility of H , CO. and bicarbonate 

across the placenta determines the importance of such an inter

relation. In a chronic unstressed fetus , carbon dioxide is con

sistently higher in the fetal than in the maternal blood (Meschia 

et al., 1969). The dependence of the PC02 in the blood upon that 

in the maternal is an indication of the fact that the fetal car

bon dioxide reaches the maternal blood by diffusion (Blechner et 

al., 1960). In spite of the close similarity in bicarbonate con

centration at either side of the placental membrane under steady-

state conditions it has been demonstrated that the concentration 

of bicarbonate in the fetal plasma is relatively uninfluenced by 

the maternal level. This is so because the sheep placenta has a 

very low permeability for bicarbonate (Blechner et al.,1960). As 

a consequence a direct maternal effect on the fetal pH will on

ly be produced by changes in maternal PC02. An isolated change in 

buffer base on one side of the placenta may develop without any 

appreciable change in the acid-base balance at the other side of 

the placenta (Blechner et al., 1960). 

In the present study hypoxic stress was associated with a reduc

tion in fetal bicarbonate, reflecting a condition of metabolic 

acidosis. It is remarkable that the observed decrease in standard 

bicarbonate at reduced levels of oxygen was noticeable in any sub

section of the oxygen interval between 6 and 1 m4 (fig.45). Mathe

matically this is reflected in the reciprocal model which was cho

sen to describe the standard bicarbonate-oxygen relation. A de-
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crease in [ 0.,] . from 6 to approximately 3 mM was paralleled b* 
ζ a 

only a small reduction in standard bicarbonate. In this inter

val only the perfusion of the fetal lungs decreased sharply. The 

slight drop in standard bicarbonate in this range may be the re

sult of an increased output of lactic acid by the fetal lungs 

due to the sharp reduction in oxygen supply to this organ. Below 

2 mM of [0,] the bicarbonate deficiency increased progressively. 

In this portion of the oxygen interval the flow to a larger pro

portion of the fetal cardiovascular system, which included pre

dominantly skeletal structures, became jeopardized by active va

soconstriction. As a consequence a higher output of primarily 

lactic acid tended to reduce the amount of buffer base in the 

fetal blood (Britton et al., 1967). 

Anaerobic metabolites are produced continuously during fetal hy

poxia. We may speculate that several mechanisms protect the hypox

ic fetus from becoming increasingly acidotic. Fetal bicarbonate 

and other buffers in the fetal body limit the decrease in pH. As 

a result arterial carbon dioxide rises transiently in fetal blood 

and the excess COj diffuses across the placenta. Fetal hydrogen 

ions may be excreted by the placenta to the maternal organism. 

However, because of a low permeability of the placenta for H
+
ions, 

this transfer will be slow (Daniel et al., 1972). The ability of 

the fetal kidneys to contribute to the elimination of H ions in 

hypoxia is limited partly because of immaturity (Daniel et al., 

1975) , partly because of the compromized renal perfusion in hy

poxia. 

Due to the known ability of the fetus to metabolize lactate 

in a chronic fetal lamb preparation (Burd et al., 1975; Char and 

Creasy, 1976) , the increased lactate production by some hypoxic 

fetal tissues may be conroensated for by increased lactate utili

zation elsewhere in the fetal organism.Lactate must be converted 

to pyruvate in order to be utilized.lt is likely that the metabo

lism of lactate should take place in the fetal liver (Ballard et 

al.,1965)rather than in the placenta (Daniel et al.,1972).Lactate, 

once converted to pyruvate, can be used by the fetal lamb in 

gluconeogenesis or oxidized in the Krebs cycle. Perhaps the 

http://utilized.lt
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favorable anatomical position of the fetal liver with respect 

to [ 0-]supply is of fundamental importance in the defense of the 

fetus against moderate hypoxia. 

In this study the ewes were allowed at least one hour equilibra

tion time with a new gas mixture prior to the measurements. This 

procedure was found adequate in obtaining a steady state in those 

fetal parameters which were measured continuously, but we 

made no attempt to see whether the acid-base balance was stabi

lized after such a time period. However,repeated measurements of 

fetal PCO- made by Boddy et al. (1974a) during "moderate hypox

ia" (fetal carotid PO- reduced to about 16 mm Hg), have shown 

that the fetal acid-base balance tends to a new steady state 

about 4 5 minutes after the beginning of the stress induction. 

Therefore it seems reasonable to assume that the hypoxic data 

of acid-base balance in the present study in general reflect a 

state of equilibrium between H production and H excretion. 

The increase in H ions during fetal hypoxia may also influence 

the fetal organism directly. It has been demonstrated that a low 

pH in the fetus tends to increase the umbilical vein P02,pro

bably because of a lowering of the oxygen affinity of the fetal 

blood (Hellegers et al., 1969). In addition, studies in adult 

animals have produced evidence that the hydrogen ion is locally 

vaso-active (Haddy and Scott, 1968). The importance of a possible 

vaso-active effect of H in the fetus will probably be different 

for each organ and each subsection of the oxygen interval. 

The results of acid-base balance in relation to oxygenation ob

tained in this study and discussed in the context of the litera

ture can be summarized as follows. A reduction of the [ O-] in 

the fetus from 6 to 1 mM vías paralleled by the development of a 

progressively more severe metabolic acidosis,most likely because 

of increased lactic acid production by a progressively larger 

proportion of fetal tissues. The fetus responded to the acidosis 

partly by buffering and excreting H ions and partly, we pre

sume,by increasing the utilization rate in the fetal liver. 

Finally, the increased concentration of hydrogen ions may have 

affected the fetal cardiovascular response to hypoxia. 
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7.7. Fetal blood pressure and some cardiac parameters at 

different levels of arterial oxygen content. 

In this study hypoxia was accompanied by several central changes 

in fetal cardiovascular performance. Continuous measurement of 

two parameters - fetal blood pressure and fetal heart rate - in

dicated the occurrence of short-term "unstable" variations and 

long-term changes.In the majority of cases the short-term varia

tions did not last for more than 30 minutes and led to stable new 

values of blood pressure and heart rate (F.S.B.P. and B.L.H.R. 

respectively). Only these latter steady-state levels were 

considered here. 

Fetal central cardiovascular changes in response to hypoxia are 

caused by regulatory mechanisms which are already functional in 

the fetus near term. In this respect it is important to note 

that the Frank-Starling relationship has been shown to be both 

operative and effective in the intact and undisturbed mature 

fetal lamb (Kirkpatrick et al. 1976) . Because of this relation

ship , termed "heterometric autoregulation", the fetal 

heart is capable of increasing its stroke volume in response to 

an increase in both preload (Kirkpatrick et al., 1976) and after-

load (Maloney et al., 1977). In apparent contrast with the above 

observations, Rudolph and Heymann (1976) demonstrated a limited 

ability of the fetal heart to increase stroke volume in response 

to an increase in preload and afterload. However ,in these experi

ments bradycardia was produced by vagal stimulation and was ac

companied undoubtedly by a depression in contractile state (De 

Geest et al., 1965). The depression may have been especially pro

found since the fetal heart has incomplete sympathetic innerva

tion (Friedman, 1972) . In addition, in the same experiments fast 

contraction frequencies were obtained primarily by left arterial 

pacing which has been shown to reduce normal right to left flow 

across the patent foramen ovale of the fetus and artificially in

crease right ventricular output (Pitlick et al., 1976). 

Besides the intrinsic regulation of fetal ventricular function 
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by heterometric autoregulation, it has been demonstrated that 

the heart of the fetal lamb near term is under neural as well as 

humoral control (Rudolph and Heymann, 1974). Therefore it is like

ly that there should be a simultaneous engagement of heterometric 

autoregulation, neural reflex mechanisms, and humoral factors, 

which work in concert to produce the response of mature fetal 

lambs to changes in oxygenation. 

F.S.B.P. in the present study averaged between 2Θ and 50 mmHg in 

normoxic conditions. Similar values have been reported by other 

investigators using chronic fetal lamb preparations (Cohn et al., 

1974; Boddy et al., 1974a; Berman et al., 1976a). It was noticed 

that the F.S.B.P. was consistently elevated during the stress of 

hypoxia. Such an increased F.S.B.P. was probably due, in part, 

to excitation of the aortic chemoreceptors (Boddy et al., 1976a). 

and catecholamine release (Rankin and Phernetton, 1976a). 

Values of B.L.H.R. varied widely within individual animals dur

ing normoxic conditions. Usually they ranged between 150 and 190 

bpm, in agreement with results obtained by others in similar ex

perimental conditions (Cohn et al., 1974; Boddy etal., 1974a; 

Berman et al., 1976a). The level of the B.L.H.R. after equi

libration with a hypoxic environment was probably the resultant 

of several factors. There may have been an inhibiting influence 

by excitation of baroreceptors. Such a depressing effect on the 

set point of the B.L.H.R. may have been potentiated by impulses 

of central origin (Williams et al., 1976). These impulses are 

probably part of the "central vagus reflex", which was mention

ed previously in this chapter in relation to the diving animal. 

It is likely that effects increasing B.L.H.R. should also be pre

sent because of increased levels of circulating catecholamines 

(Barrett et al., 1972) and increased sympathetic activity origi

nating partly from certain portions of the upper brainstem 

(Williams et al., 1976). Thus it appears that the B.L.H.R. in any 

steady-state condition of oxygenation is based on a balance be

tween inhibitory and excitatory influences. Only in the condition 

of severe hypoxia the inhibitory influence seemed to dominate 
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over the excitatory influences. 

In this study the steady-state fetal stroke volume of both ven

tricles combined (S.V.) amounted to approximately 10 ml under 

normoxic conditions. Cohn and coworkers (1974) reported a mean 

stroke volume of aporoximately 3 ml per kilo of fetus, in 

agreement with the present results. Similar values have been 

reported by Rudolph and Heymann (1973) and Kirkpatrick et 

al. (1976). Heterometric autoregulatlon of the fetal heart in

dicates a changing stroke volume in response to alteration in 

end-diastolic fiber length This occurs as a result of changes 

in both preload and afterload. In conditions of unchanged veno»--

return, preload is determined primarily by alterations i.; ventri

cular filling time which, in turn, is rela'-cù to fetal heart 

rate. The afterload will depend on both fetal blood pressure 4nd 

heart rate, the latter because of changes in vascular impedance 

(McDonald, 1974). Besides these mechanical factors, humoral and 

neural factors have a modifying effect on the stroke volume of 

the fetal heart at various levels of oxygenation by changing 

cardiac contractility (Friedman et al., 1968). Therefore it ap

pears that stroke volume, like heart rate, is multifactorially 

determined in the fetus. 

It was found in this study that B.L.H.R. and S.V. were inversely 

related in such a way that a lower B.L.H.R., induced by 

hypoxia, was paralleled by a higher S.V. Because of the 

adjustments in S.V., changes in B.L.H.R. did not lead to changes 

in combined ventricular output. In fact combined ventricular 

output changed little over the studied ojxygen range and fluctuat

ed in general between 400 and 550 ml. min .kg fetus , in agree

ment with control values reported in the literature for a simi

lar experimental set-up (Cohn et al., 1974; Rudolph and Heymann, 

1973). The small changes in combined output over the studied 

oxygen range were probably related to the small overall changes 

in flow demands by the tissues. There can be little doubt that 

in the fetus as in the adult (Jones et al., 1974) the flow re

quirements of the tissues actually determine cardiac output as 

long as a normal pumping ability of the heart is maintained. 
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It is unlikely that the pumping ability of the fetal heart was 

ever compromised in this study, since each experiment was per

formed at stable levels of heart rate and blood pressure,and 

because each experimental condition was reversible. In addition, 

the myocardial oxygen supply was maintained in any of the tested 

experimental conditions. The fact that changes in combined out

put were small in relation to oxygenation simply indicates that 

the algebraic sum of flow changes m all tissues did not change 

much at various levels of oxygen. 

In spite of the relatively small ad")ustments of combined output 

in hypoxia, changes in F.S.B.P., B.L.H.R. and S.V. 

suggest important changes of cardiovascular performance. From 

table 6-27 it may be calculated that the B.L.H.R./S.V. ratio was 

reduced from 16 to 10 when the fetal lambs were shifted from con

trol conditions to hypoxia. In adult studies it has been shown 

that a reduced heart rate/stroke volume ratio may have favorable 

effects on coronary blood supply (Detweiler, 1973). Furthermore 

it has been suggested that the repetitive development of less 

tension may be more costly than the less frequent development of a 

higher tension (Katz and Feinberg, 1958) . The role of adjustments 

in the B.L.H.R./S.V. ratio at different levels of oxygen is still 

speculative. It is possible that also m fetal hypoxia a reduced 

B.L.H.R./S.V. ratio would improve both cardiac efficiency and 

coronary perfusion. In this respect a positive inotropic effect 

of increased levels of catecholamines in fetal hypoxia may con

tribute to an effective cardiac performance at a lower B.L.H.R./ 

S.V. ratio. An increase in cardiac load was noted at reduced 

levels of oxygen in seven out of nine fetal lambs. Although this 

was not a consistent phenomenon the significance of this trend 

was supported by the fact that F.S.B.P. had increased consistent

ly while combined output remained unchanged. 

Conclusions about the relationship of F.S.B.P. and some cardiac 

parameters to oxygenation can be summarized as follows. Under 

unstressed conditions the venous return from body tissues probably 

determines combined ventricular output by way of the Frank-

Starling relationship. In this condition the baroreceptors will 
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tend to keep the fetal blood pressure constant. During the stress 

of hypoxia low levels of circulating oxygen will activate central 

and peripheral chemoreceptors as well as the adrenal medulla. 

Efferent impulses from chemoreceptors will be integrated in the 

C.N.S. with additional neural inputs from the circulatory system, 

As a result several C.N.S. responses will be triggered giving 

rise to increased sympathetic and parasympathetic nervous acti

vity. 

Under steady-state hypoxic conditions F.S.B.P. will be increased 

and B.L.H.R. reduced in response to a combination of neural and 

humoral influences. Adjustments in S.V. are probably attribut

able to intrinsic cardiac regulation by the Frank-Starling re

lationship in a norepinephrine-rich environment. 

The reduction in the B.L.H.R./S.V. ratio in response to neural 

and humoral effects during hypoxia is probably beneficial for 

the cardiac performance in this condition. 



SUMMARY AND CONCLUSIONS 

In this study regional blood flows were measured in a chronic 

fetal lamb preparation in varying oxygen environments. Flow 

measurements were performed with radioactive microspheres. 

Analysis of the experimental data indicated changes in blood 

flow in many fetal tissues associated with oxygenation. These 

changes occurred over a range of oxygen content values between 

1 and 6 mM and were associated with relatively small alterations 

in both combined ventricular output and umbilical blood flow. 

These findings imply a redistribution of fetal cardiac output 

in response to variations in fetal oxygenation. The dynamics of 

this redistribution were dominated, on the one hand by a tendency 

to maintain a constant oxygen delivery to the heart and portions 

of the C.N.S. under any condition of oxygenation, and on the other 

hand by the vasoconstrictive response of the pulmonary vascula

ture to a reduction in arterial oxygen content. The largest 

changes in blood flow to C.N.S. and heart occurred below 3 mM of 

arterial oxygen content, while those to the lungs were predomi

nantly observed in the oxygen range above 3 mM. As a consequence, 

in the oxygen range between 3 and 6 mM, relatively small flow 

adjustments within C.N.S. and heart were coupled to relatively 

large changes in pulmonary blood flow, while blood flow in other 

regions of the fetal body seemed to be unrelated to oxygenation. 

A reduction in arterial oxygen content from 3 to 1 mM was accom

panied by a progressively increasing flow to C.N.S. and heart, 

while the concomitant reduction in lung blood flow was only small. 

As a result an increasing discrepancy ensued between the flow re

duction in the lungs and the rapidly increasing flow requirements 

of both heart and C.N.S. Probably because of the latter inequality 

a stress condition was created in the fetus which was accompanied 

by neural and humoral reactions enhancing the conservation of 

the oxygen delivery to C.N.S. and heart. These neural and humoral 

reactions induced a further redistribution of the total blood 

flow within the fetal body in favor of the vital organs and at 
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the cost of the carcass, the kidneys and the small intestine. 

Simultaneously with the redistribution between different organs, 

a redistribution of blood flow within various individual fetal 

organs may have occurred. Such an intra-organ redistribution of 

blood flow not only might protect the more vulnerable regions in 

each of these organs against the risks of hypoxia, but might also 

adapt certain organ functions to the stress condition. 

Besides alterations in the distribution of blood flow, it was 

noted that during steady-state hypoxia several cardiovascular 

parameters (e.g. heart rate and blood pressure) attained a new 

level. These new set points might have reflected a general adap

tation of the cardiovascular function to the altered requirements 

of this particular stress condition. For example, fetal blood 

pressure had a tendency to increase during the stress of hypoxia 

despite vasodilatation in the C.N.S. and coronary regions. 



SAMENVATTING 

In dit onderzoek werd, in het chronische foetale lam, de relatie 

onderzocht tussen de I0_] enerzijds, en de bloeddoorstroming van 
Z a 

de perifere weefsels anderzijds, over een continu bereik van 

fysiologisch voorkomende 0,-concentratie. Voor dit doel werd de 

bloeddoorstroming in de perifere weefsels bepaald met behulp van 

radioactieve "microspheres". Bi] analyse van de experimentele ge

gevens bleek er, over een interval van 1 tot 6 mM, in een groot 

aantal foetale weefsels een verband te bestaan tussen "flow" en 
[0.J . Aangezien een dergelijke relatie niet kon worden aange-

¿ a 

toond voor zowel de placentaire flow als het foetale hartminuut-

volume, leken veranderingen in de perfusie van foetale weefsels 

te berusten op een redistnbutie van het foetale hartminuutvolume 

Deze redistnbutie werd boven de 3 mM gedomineerd door een ac

tieve vasoconstrictie in de foetale longen bij een dalende [O-],, 
¿. a 

terwijl bij een reductie van de [ 0o] in het O-.-bereik beneden 
¿. a ¿ 

de 3 mM de progressieve flowtoename in hart en hersenen op de 

voorgrond stond. 

In het O.-bereik boven 3 mM werden er slechts kleine veranderin

gen waargenomen in de flow naar hart en hersenen. De flow naar 

andere foetale weefsels buiten de longen leek in dat traject on

afhankelijk te zijn van de [0-1 . 

Beneden de 3 mM, is, omwille van de handhaving van het Oj-aanbod 

aan hart en hersenen, een grotere flowtoename noodzakelijk voor 

ledere verdere daling in de 10.] . In dit O-bereik was de long-
2 a ¿ 

perfusie al sterk verminderd. Ten gevolge hiervan nam, bij toene

mende hypoxaemie, de discrepatie toe tussen de flowbehoefte van 

hart en hersenen en de flowdaling van de longen. Deze situatie 

betekende waarschijnlijk een stresserend moment voor de foetus, 

welke aanleiding gaf tot neurale en humorale reacties met als 

doel de 07-voorziening van hart en hersenen zeker te stellen. 

Als gevola van deze neurale en humorale invloeden werd een ver

dere redistributie van het foetale hartminuutvolume bewerkstelligd 

ten gunste van hart en hersenen, en ten koste van skelet, nieren 



186 

en gedeelten van de tractus digestivus. 

Tegelijkertijd met de redistributie van bloedflow tussen orgaan-

groepen bleek er ook een redistributie op te treden binnen de 

grenzen van verschillende organen. Deze intra-orgaan redistribu

tie beschermde waarschijnlijk niet alleen de voor hypoxie meest 

kwetsbare structuren binnen deze organen, doch leek ook bij te 

dragen tot een aanpassing van bepaalde orgaanfuncties aan de 

stressconditie. 

Tijdens hypoxie werd niet alleen het foetale hartminuutvolume ge-

redistribueerd maar bleken ook een aantal cardiovasculaire para

meters, zoals de foetale hart frequentie en bloeddruk, op een 

nieuw niveau te worden ingesteld. Deze nieuwe niveaus tijdens 

steady-state hypoxie waren waarschijnlijk een uiting van een 

algemene aanpassing van de cardiovasculaire functie aan deze vorm 

van foetale stress. 



REFERENCES. 

L'Age, M., A. Gonzalez-Luque, F.E. Yates. (1970): Adrenal blood 
flow dependence of Cortisol secretion rate in anesthetized 
dogs. 
Am. J. Physiol. 219: 281-287. 

Aim, Α., A. Bill. (1972): The oxygen supply to the retina,II: 
Effects of high intraocular pressure and of increased arterial 
carbon dioxide tension on uveal and retinal blood flow in 
cats. 
Acta Physiol. Scand. 84: 306-319. 

Aim, Α., A. Bill. (1973): Ocular and optic nerve blood flow at 
normal and increased intraocular pressures in monkeys: 
A study with radioactively labelled microspheres including 
flow determinations in brain and some other tissues. 
Exp. Eye Res. 15: 15-29. 

Aim, A. (1975): Radioactively labelled microspheres in regional 
cerebral blood flow determinations. A study on monkeys with 
15 and 35 pm spheres. 
Acta Physiol. Scand. 95: 60-65. 

Andersen, H.T. (1966): Physiological adaptations in diving 
vertebrates. 
Physiol. Rev. 46: 212-243. 

Anselmino, K.J., F. Hoffman. (1930): Die Ursachen des Icterus 
neonatorum. 
Arch. f. Gynäk. 143: 477-499. 

Archie, J.P. Jr. (1973): Measurement of cardiac output with and 
organ trapping of radioactive microspheres. 
J. Appi. Physiol. 35: 148-154. 

Archie, J.P. Jr. (1974): Equations for the determination of 
major regional blood flow in the mammalian fetus with radio
active microspheres. 
Cardiovasc. Res. 8: 81-85. 

Archie, J.P. Jr. (1975): Intramyocardial pressure: Effect of 
preload on transmural distribution of systolic coronary blood 
flow. 
Am. J. Cardiol. 35: 904-911. 

Assali, N.S., N. Sehgal, S. Marable. (1962a): Pulmonary and 
ductus arteriosus circulation in the fetal lamb before and 
after birth. 
Am. J. Physiol. 202: 536-540. 

Assali, N.S., L.W. Holm, N. Seghal. (1962b): Hemodynamic changes 
in fetal lamb in utero in response to asphyxia, hypoxia and 
hypercapnia. 
Circ. Res. 11: 423-430. 

Assali, N.S., J.A. Morris, R. Beck. (1965): Cardiovascular hemo
dynamics in the fetal lamb before and after lung expansion. 
Am. J. Physiol. 208: 122-129. 



1Θ8 

Assali, N.S., Т.Н. Kirchbaum, P.V. Dilts, Jr. (1968): Effects of 
hyperbaric oxygen on utero-placental and fetal circulation. 
Circ. Res. 22: 573-587. 

Assali, N.S., CR. Brinkman III, В. Nuwayhid. (1974): Comparison 
of maternal and fetal cardiovascular functions in acute and 
chronic experiments in the sheep. 
Am. J. Obstet. Gynecol. 120: 411-425. 

Baker, J., A.J. Wasserman, J.L. Patterson, Jr. (1966): Human 
cerebral vasodilator effects of "pure" hypoxia. 
Clin. Res. 14: 38. 

Ballard, F.J., I.T. Oliver. (ІУ65): Carbohydrate metabolism in 
liver from foetal and neonatal sheep. 
Biochem. J. 95: 191-200. 

Barclay, A.E., K.J. Franklin, M.M.L. Pnchard. (1944): The Foetal 
Circulation and Cardiovascular System and the Changes That They 
Undergo at Birth. 
Oxford, Blackwell Scientific Publications. 

Barcroft, J. (1936): Fetal circulation and respiration. 
Physiol. Rev. 16: 103-128. 

Barcroft, J. (1946): Researches on Pre-natal Life. 
Oxford, Blackwell Scientific Publications. 

Bardfeld, P.A., V. Lopez-Majano, H.N. Wagner, Jr. (1967): Measure
ment of the regional distribution of arterial blood flow in 
the human forearm and hand. 
J. Nucl. Med. 8: 542-550. 

Barrett, CT., M.A. Heymann, A.M. Rudolph. (1972): Alpha and beta 
adrenergic receptor activity in fetal sheep. 
Am. J. Obstet. Gynecol. 112: 1114-1121. 

Bartrum, R.J., Jr., D.M. Berkowitz, U.K. Hollenberg. (1974): 
A simple radioactive microsphere method for measuring regional 
blood flow and cardiac output. 
Invest. Radiol. 9: 126-132. 

Bassett, J.M., G.D. Thornburn. (1969): Foetal plasma cortico
steroids and the initiation of parturition in sheep. 
J. Endocrinol. 44: 285-286. 

Battaglia, F.C., E.L. Makowski, G. Meschia. (1970): Physiologic 
study of the uterine venous drainage of the pregnant rhesus 
monkey. 
Yale J. Biol. Med. 42: 218-228. 

Beguin, F., D.R. Dunmhoo, E.J. Quilligan. (1974): Effect of carbon 
dioxide elevation on renal blood flow in the fetal lamb in 
utero. 
Am. J. Obstet. Gynecol. 119: 630-637. 

Behrman, R.E., M.H. Lees, E.N. Peterson, C.W. de Lannoy, A.E. 
Seeds. (1970): Distribution of the circulation in the normal 
and asphyxiated fetal primate. 
Am. J. Obstet. Gynecol. 108: 956-969. 

Behrman, R.E., M.H. Lees. (1971): Organ blood flows of the fetal, 
newborn and adult rhesus monkey . 
Biol. Neonate 18: 330-340. 



189 

Bellhouse, B.J., D.L. Schultz, N.B. Karatzas, G. de J. Lee, 
(1967): A catheter tip method for the measurement of the 
pulsatile blood flow velocity in arteries, pp. 43-54. In: 
Bain, W.H. & Harper, A.M. eds. Blood Flow through Organs 
and Tissues. 
Edinburgh / London, Livingstone. 

Bellhouse, B.J., F.H. Bellhouse. (1968): Thin-film gauges for 
the measurement of velocity or skin friction in air, water or 
blood. 
J. Sci. instrum. 1: (ser. 2), 1211-1213. 

Herman, W., Jr., R.C. Goodlin, M.A. Heymann, A.M. Rudolph. 
(1976a): Relationships between pressure and flow in the umbili
cal and uterine circulations of the sheep. 
Circ. Res. 38: 262-266. 

Berman, W., Jr., R.C. Goodlin, M.A. Heymann, A.M. Rudolph. 
(1976b): Measurement of umbilical blood flow in fetal lambs in 
utero. 
J. Appi. Physiol. 39: 1056-1059. 

Berne, R.M., M.N. Levy. (1967): Cardiovascular Physiology 
St. Louis, C.V. Mosby & Co. 

Betz, E. (1972): Cerebral blood flow: Its measurement and regu
lation. 
Physiol. Rev. 52: 595-630. 

Bicher, H.I. (1973): Autoregulation of oxygen supply to brain 
tissue, pp. 215-222. In: Bicher, H.I. & D.F. Bruley. eds. 
Oxygen Transport to Tissue. Instrumentation, Methods and 
physiology. 
Advances in Experimental Medicine and Biology, Vol. 37A. 
New York/London, Plenum Press. 

Blechner, J.N., G. Meschia, D.H. Barron. (1960): A study of the 
acid-base balance of fetal sheep and goats. 
Q. J. Exp. Physiol. 45: 60-71. 

Boddy, K., G.S. Dawes, R. Fisner, S. Pinter, J.S. Robinson. 
(1974a): Foetal respiratory movements, electrocortical and 
cardiovascular responses to hypoxaemia and hypercapnia in 
sheep. 
J. Physiol. (Lond.) 243: 599-618. 

Boddy, K., C.T. Jones, C. Mantell, J.G. Ratcliffe, J.G. Robinson. 
(1974b): Changes in plasma ACTH and corticosteroid of the ma
ternal and fetal sheep during hypoxia. 
Endocrinology 94: 588-591. 

Born, G.V.R., G.S. Dawes, J.C. Mott. (1956): Oxygen lack and 
autonomic nervous control of the foetal circulation in the 
lamb. 
J. Physiol. (Lond.) 134: 149-166. 

Brandi, G., W.M. Farn, M. McGregor. (1968): Measurement of coro
nary flow in local areas of myocardium using xenon 133. 
J. Appi. Physiol. 24: 446-450. 

Brinkman, CR. Ill, P. Weston, Т.Н. Kirchbaum, N.S. Assali. 
(1970): Effects of maternal hypoxia on fetal cardiovascular 
hemodynamics. 
Am. J. Obstet. Gynecol. 108: 288-301. 



190 

Britton, H.G., D.A. Nixon, G.H. Wright. (1967): The effects of 
acute hypoxia on the sheep foetus and some observation on 
recovery from hypoxia. 
Biol. Neonate 11: 277-301. 

Bruce, N.W., R.W. Abdul-Kanm. (1973): Relationships between 
fetal weight, placental weight, and maternal placental circu
lation in the rabbit at different stages of gestation. 
J. Reprod. Fértil. 32: 15-24. 

Buckberg, G.D., J.C. Luck, D.B. Payne, J.Ι.E. Hoffman, J.P. 
Archie, D.E. Fixier. (1971): Some sources of error in measur
ing regional blood flow with radioactive microspheres. 
J. Appi. Physiol. 31: 598-604. 

Burd, L.I., M.D. Jones, Jr., M.A. Simmons, E.L. Makowski, G. 
Meschia, F.C. Battaglia. (1975): Placental production and 
foetal utilisation of lactate and pyruvate. 
Nature, 254: 710-711. 

Campbell, A.G.M., G.S. Dawes, A.P. Fishman, A.I. Hyman. (1967a): 
Regional redistribution of blood flow in the mature fetal lamb. 
Circ. Res. 21: 229-235. 

Campbell, A.G.M., F. Cockburn, G.S. Dawes, J.E. Milligan. (1967b): 
Pulmonary vasoconstriction in asphyxia during cross-circulation 
between twin foetal lambs. 
J. Physiol. (Lond.) 196: 111-121. 

Caritis, S.N., H.O. Monshima, R.I. Stark, L.S. James. (1976): The 
effect of diazoxide on uterine blood flow in pregnant sheep. 
Obstet. Gynecol. 48: 464-468. 

Carrier, 0. Jr., J.R. Walker, A.C. Guyton. (1964): Role of oxygen 
in autoregulation of blood flow in isolated vessels. 
Am. J. Physiol. 206: 951-954. 

Carrière, S. (1975): Factors affecting renal cortical blood flow. 
A review. 
Can. J. Physiol. Pharmacol. 53: 1-20. 

Cassin, S., G.S. Dawes, J.C. Mott, B.B. Ross, L.B. Strang. (1964): 
The vascular resistance of the foetal and newly ventilated 
lung of the lamb. 
J. Physiol. (Lond.) 171: 61-79. 

Chalmers, J.P., P.I. Korner, S.W. White. (1967): Local and reflex 
factors affecting the distribution of the peripheral blood 
flow during arterial hypoxia in the rabbit. 
J. Physiol. (Lond.) 192: 537-548. 

Char, V.C., R.K. Creasy. (1976): Lactate and pyruvate as fetal 
metabolic substrates. 
Pediatr. Res. 10: 231-234. 

Clark, G.A. (1932): Some foetal blood pressure reactions. 
J. Physiol. (Lond.) 74: 391-400. 

Cloete, J.H.L. (1939): Prenatal growth in the Merino sheep. 
Thesis. 
Onderstepoort J. Vet. Sci. Anim. Industry. 13: 417-558. 

Cohen, P.J., S.C. Alexander, T.C. Smith, M. Reivich, H. Wollman. 
(1967): Effects of hypoxia and normocarbia on cerebral blood 
flow and metabolism in conscious man. 
J. Appi. Physiol. 23: 183-189. 



191 

Cohn, Η.E., E.J. Sacks, Μ.Α. Heymann, A.M. Rudolph. (1974): 
Cardiovascular responses to hypoxemia and acidemia in fetal 
lambs. 
Am. J. Obstet. Gynecol. 120: 817-824. 

Cohnstein, J., N. Zuntz. (1884): Untersuchungen über das Blut, 
den Kreislauf und die Athmung beim Säugethier - Fötus. 
Arch. f. d. ges. Physiol. 34: 173-233. 

Colebatch, H.J.H., G.S. Dawes, J.W. Goodwin, R.A. Nadeau. (1965): 
The nervous control of the circulation in the foetal and newly 
expanded lung of the lamb. 
J. Physiol. (Lond.). 178: 544-562. 

Comline, R.S., M. Silver. (1961): The release of adrenaline and 
noradrenaline from the adrenal glands of the foetal sheep. 
J. Physiol. (Lond.). 156: 424-444. 

Comline, R.S., I.A. Silver, M. Silver. (1965): Factors responsi
ble for the stimulation of the adrenal medulla during asphyxia 
in the fetal lamb. 
J. Physiol. (Lond.). 178: 211-238. 

Creasy, R.K., K.V. Kahanpää, M. de Swiet. (1974): Trapping of 
radioactive microspheres in the pregnant and non-pregnant 
rabbit. 
Acta Physiol. Scand. 90: 252-259. 

Cross, CE., P.A. Rieben, C.I. Barron, P.F. Salisbury. (1963): 
Effects of arterial hypoxia on the heart and circulation: an 
integrative study. 
Am. J. Physiol. 205: 963-970. 

Dahl, N.A., W.M. Balfour. (1964): Prolonged anoxia survival due 
to anoxia preexposure: brain A.T.P. lactate and pyruvate. 
Am. J. Physiol. 207: 452-456. 

Daniel, S.S., R.A. Baratz, E.T. Bowe, A.I. Hyman, H.O. Morishima, 
S.R. Sarcia, L.S. James. (1972): Elimination of hydrogen ion 
by the lamb fetus and newborn. 
Pediatr. Res. 6: 584-592. 

Daniel, S.S., E.T. Bowe, R. Lallemand, M.N. Yeh, L.S. James. 
(1975): Renal response to acid loading in the developing lamb 
fetus, intact in utero. 
J. Perinat. Med. 3: 34-43. 

Daniel, W.W. (1974): Biostatistics: A Foundation for Analysis in 
the Health Sciences.Chapter 11. Non parametric and distribu
tion-free statistics, pp. 330-364. 
New York, John Wiley and Sons, MC. 

Dawes, G.S., J.C. Mott, B.R. Rennick. (1956): Some effects of 
adrenaline, noradrenaline and acetylcholine on the foetal 
circulation in the lamb. 
J. Physiol. (Lond.). 134: 139-148. 

Dawes, G.S. (1968): Foetal and Neonatal Physiology. 
Chicago, Year Book Medical Publishers. 

Dawes, G.S., S.L.B. Duncan, B.V. Lewis, C.L. Merlet, J.B. Owen-
Thomas, J.T. Reeves. (1969a): Hypoxaemia and aortic chemo-
receptor function in foetal lambs. 
J. Physiol. (Lond.). 201: 105-116. 



192 

Dawes, G.S. (1969b): Foetal blood gas homeostasis, pp. 162-175. 
In: Wolstenholme, G.E.W. s¡ M. O'Conner, eds. Foetal Autonomy. 
A Ciba Foundation Symposium. 
London, Churchill. 

Dawes, G.S., H.E. Fox, B.M. Leduc, G.C. Liggins, R.T. Richards. 
(1972): Respiratory movements and rapid eye movement sleep in 
the foetal lamb. 
J. Physiol. (Lond.). 220: 119-143. 

DeGeest, H., M.N. Levy, H. Zieske, R.I. Lipman. (1965): Depres
sion of ventricular contractility by stimulation of the vagus 
nerves. 
Circ. Res. 17: 222-235. 

Detweiler, D.K. (1973): The Circulation. Section 3. In: Brobeck, 
J.R. ed. Best & Taylor's Physiological Basis of Medical 
Practice. 9th. Edition. 
Baltimore, Williams & Wilkins Company. 

Domenech, R.J., J.I.E. Hoffman, M. .M. Noble, K.B. Saunders, 
J.R. Henson, S. Subijanto. (1969): Total and regional blood 
flow measured by radioactive microspheres in conscious and 
anesthetized dogs. 
Circ. Res. 25: 581-596. 

Eastman, N.J. (1930): Fetal blood studies: I. The oxygen 
relationships of umbilical cord blood at birth. 
Bull. Johns Hopkins Hosp. 47: 221-230. 

Eastman, N.J., C M . McLane. (1931): Fetal blood studies: II. The 
lactic acid content of umbilical cord blood under various 
conditions. 
Bull. Johns Hopkins Hosp. 48: 261-268. 

Eklöf, В., Ν.Α. Lassen, L. Nilsson, К. Norberg, В.К. Siesjö, 
P. Torlöf. (1974): Regional cerebral blood flow in the rat 
measured by the tissue sampling technique; a critical evalu
ation using indicators Cl4-Antipyrine, Cl4-Ethanol, H-^-water 
and ХепопІЗЗ. 
Acta Physiol. Scand. 91: 1-10. 

Emmenegger, H.A., A. Hürlimann, К. Bucher. (1951): A simple 
method of producing radioactive spheres for the investigation 
of circulatory problems. 
Helv. Physiol. Pharmacol. Acta 9: 254-258. 

Faber, J.J., T.J. Green. (1972): Foetal placental blood flow in 
the lamb. 
J. Physiol. (Lond.). 223: 375-393. 

Fegler, G. (1954): Measurement of cardiac output m anaesthetized 
animals by thermodilution method. 
Q. J. Exp. Physiol. 39: 153-164. 

Feigl, E.O. (1969): Parasympathetic control of coronary blood 
flow in dogs. 
Circ. Res. 25: 509-519. 

Feinberg, H., A. Gerola, L.N. Katz. (1958): Effect of hypoxia on 

cardiac oxygen consumption and coronary flow. 
Am. J. Physiol. 195: 593-600. 



193 

Finster, M., H.O. Morishima, R.N. Boyes, В.G. Covino. (1972): 
The placental transfer of lidocaine and its uptake by fetal 
tissues. 
Anesthesiology. 36: 159-163. 

Friedman, W.F., P.E. Pool, D. Jacobowitz, S.C. Seagren, E. 
Braunwald. (1968): Sympathetic innervation of the developing 
rabbit heart. 
Circ. Res. 23: 25-32. 

Friedman, W.F. (1972): The intrinsic physiologic properties of 
the developing heart. 
Prog. Cardiovasc. Dis. 15: 87-111. 

Fortuin, N.J., В. Pitt, S. Kaihara. (1968): The distribution of 
regional myocardial blood flow in the dog. 
Circulation 38: Suppl. VI: 77. 

Celiai, M., J.M. Norton, R. Detar. (1973): Evidence for direct 
control of coronary vascular tone by oxygen. 
Cir. Res. 32: 279-289. 

Gilbert, R.D., J.R. Hessler, D.V. Eitzman, S. Cassin. (1972): 
Site of pulmonary vascular resistance in fetal goats. 
J. Appi. Physiol. 32: 47-53. 

Girtanner, C. (1794): Abhandlung über die Krankheiten der Kinder 
und über die physische Erziehung derselben. 
Berlin, H.A. Rothmann. 

Greenfield, A.D.M.,(1963): The circulation through the skin. 
In: Handbook of Physiology. Section 2, Circulation : Vol. II. 
pp. 1325-1351. 
Washington, D.C., American Physiological Society. 

Gresham, E.L., J.H.G. Rankin, E.L. Makowski, G. Meschia, F.C. 
Battaglia. (1972): An evaluation of fetal renal function in a 
chronic sheep preparation. 
J. Clin. Invest. 51: 149-156. 

Griggs, D.M. Jr., Y. Nakamura. (1968): Effect of coronary con
striction on myocardial distribution of iodo antipyrine-131!. 
Am. J. Physiol. 215: 1082-1088. 

Grotenhuis, Ι.M. (1966): Properties and uses of radiating micro
spheres. pp. 205-209. In: Andrews, G.A., Knisley, R.M., 
Wagner, H.N.Jr., eds. Radioactive Pharmaceuticals; Proceedings 
of a Symposium. Oak Ridge, Tenn., U.S. Atomic Energy Commission. 

Guyton, A.C., J.M. Ross, O. Carrier Jr., J.R. Walker. (1964): 
Evidence for tissue oxygen demand as the major factor causing 
autoregulation. 
Circ. Res. 15: Suppl. I: 60-69. 

Haan, J. de, Т.К.А.В. Eskes, T.H.M. Arts, J.M. van der Hoek. 
(1975): The fetal and maternal acid base balance in sheep 
during acute (total or epidural anesthesia) and during chronic 
experiments, pp. 199-2Q1. In: Dudenhausen, J.W., Saling, E. 
and Schmidt, E. eds. Perinatale Medizin. Band VI. 7.Deutscher 
Kongress für perinatale Medizin, Berlin, 1974. 
Stuttgart, George Thieme Verlag. 



194 

Haddy, F.J., J.B. Scott. (1968): Metabolically linked vaso
active Chemicals in local regulation of blood flow. 
Physiol. Rev. 48: 688-707. 

Häggendal, E., B. Johansson. (1965): Effects of arterial carbon 
dioxide tension and oxygen saturation on cerebral blood flow 
autoregulation in dogs. 
Acta physiol. Scand. 66: Suppl. 258: 27-53. 

Haining, J.L., M. Don Turner, R.M. Pantall. (1968): .Measurement 
of local cerebral blood flow in the unanesthetized rat using 
a hydrogen clearance method. 
Circ. Res. 23: 313-324. 

Hales, J.R.S. (1973a): Radioactive microsphere measurement of 
cardiac output and regional tissue blood flow in the sheep. 
Pflügers Arch. 344: 119-132. 

Hales, J.R.S. (1973b): Effects of exposure to hot environments 
on the regional distribution of blood flow and on cardio
respiratory function in sheep. 
Pflügers Arch. 344: 133-148. 

Hamlin, R.L., W.P. Marsland, CR. Smith, L.A. Sapirstein. (1962): 
Fractional distribution of right ventricular output in the 
lungs of dogs. 
Circ. Res. 10: 763-766. 

Harvey, W. (1651): Excertilationes de generatione animalium. 
London, Pulleyn. 

Heilegers, A.E., E.E. Armstead, C E . Thomas, A.M. Burnett, T.J. 
Magovern, P.D. Bruns. (1969): Effect of fetal metabolic 
acidosis upon oxygen environment. 
Am. J. Obstet. Gynecol. 105: 786-796. 

Hellegers, A.E. (1970): Some developments in opinions about the 
placenta as a barrier to oxygen. 
Yale J. Biol. Med. 42: 180-190. 

Heymann, Μ.Α., A.M. Rudolph. (1967): Effect of exteriorization 
of the sheep fetus on its cardiovascular function. 
Circ. Res. 21: 741-745. 

Heymann, M.A., A.M. Rudolph, A.S. Nies, K.L. Melmon. (1969): 
Bradykinin production associated with oxygenation of the 
fetal lamb. 
Circ. Res. 25: 521-534. 

Heymann, M.A., R.K. Creasy, A.M. Rudolph. (1973): Quantitation 
of blood flow pattern in the fetal lamb in utero, pp. 129-135. 
In: Foetal and Neonatal Physiology ; Proceedings of the Sir 
Joseph Barcroft Centenary Symposium. Held in Cambridge, 
Engl. 1972. 
Cambridge, Cambridge University Press. 

Heymann, Μ.A., A.M. Rudolph.(1975): Control of the ductus arte
riosus. 
Physiol. Rev. 55: 62-78. 

Heyndrickx, G. (1974): Influence of heart rate on regional myo
cardial blood flow measured with radioactive microspheres in 
anaesthetized dogs. 
Arch. Int. Physiol. Biochim. 82: 409. 



195 

Hoffbrand, В.I., R.P. Forsyth. (1969): Validity studies of the 
radioactive microsphere method for the study of the distri
bution of cardiac output, organ blood flow, and resistance in 
the conscious rhesus monkey. 
Cardiovasc. Res. 3: 426-432. 

Huckabee, W.E., G. Walcott. (1960): Determination of organ blood 
flow using 4-aminoantipyrine. 
J. Appi. Physiol. 15: 1139-1143. 

Hüggett, A.St.G. (1927): Foetal blood-gas tensions and gas trans
fusion through the placenta of the goat. 
J. Physiol. (Lond.) 62: 373-384. 

James, I.M., R.A. Millar, M.J. Purves. (1969): Observations on 
the extrinsic neural control of cerebral blood flow in the 
baboon. 
Circ. Res. 25: 77-93. 

Johansen, K. (1964): Regional distribution of circulating blood 
during submersion asphyxia in the duck. 
Acta Physiol. Scand. 62: 1-9. 

Johnson, G.H., Т.Н. Kirschbaum, CR. Brinkman III, N.S. Assali. 
(1971): Effects of acid, base, and hypertonicity on fetal and 
neonatal cardiovascular hemodynamics. 
Am. J. Physiol. 220: 1798-1807. 

Jones, C.E., E.E. Smith, J.W. Crowell. (1974): Cardiac output and 
physiological mechanisms in circulatory shock, pp. 233-258. 
In: Guyton, A.C. % Jones, C.E. eds. Cardiovascular Physiology. 
Baltimore, University Park Press. 

Jones, C.T., R.O. Robinson. (1975): Plasma catecholamines in 
foetal and adult sheep. 
J. Physiol. (Lond.) 248: 15-33. 

Jones, D.M. Jr., R.E. Sheldon, L.L.H. Peeters, E.L. Makowski, G. 
Meschia, F.C. Battaglia. (1975): Control of cerebral blood 
flow in the fetal lamb. 
Gynecol. Invest. 6: 10. 

Jones, D.M. Jr., R.E. Sheldon, L.L.H. Peeters, G. Meschia, F.C. 
Battaglia, E.L. Makowski. (1977): Cerebral oxygen consumption 
in the ovine fetus during hypoxemia. 
Am. J. Physiol. in press. 

Kaihara, S., P.D. van Heerden, T. Migita, H.N. Wagner. Jr. (1968): 
Measurement of distribution of cardiac output. 
J. Appi. Physiol. 25: 696-700. 

Katz, L.N., H. Feinberg. (1958): The relation of cardiac effort 
to myocardial oxygen consumption and coronary flow. 
Circ. Res. 6: 656-669. 

Katz, M.A., R.c. Blantz, F.C. Rector. Jr., D.W. Seldin. (1971): 
Measurement on intra renal blood flow . I. Analysis of micro
sphere method. 
Am. J. Physiol. 220 (6): 1903-1913. 

Kety, S.S., C.F. Schmidt. (1948a): The nitrous oxide method for 
the quantitative determination of cerebral blood flow in man: 
Theory, procedure and normal values. 
J. Clin. Invest. 27: 476-483. 



196 

Kety, S.S., C.F. Schmidt. (1948b): The effects of altered arte
rial tensions of carbon dioxide and oxygen on cerebral blood 
flow and cerebral oxygen consumption of normal young man. 
J. Clin. Invest. 27: 484-492. 

Kety, S.S. (1963): Regional circulation of the brain under 
physiological conditions. Possible relationship selective vul
nerability. pp. 21-26. In: Schade, J.P. & McMenemey, W.H. eds. 
Selective Vulnerability of the Brain in Hypoxaemia. 
Oxford, Blackwell Scientific Publications. 

Kilian, H.F. (1826): Ueber den Kreislauf des Blutes im Kinae, 
welches noch nicht geathmet hat. 
Karlsruhe, C.F. Müller. 

Kirkpatrick, S.E., P.T. Pltlick, J. Naliboff, W.F. Friedman. 
(1976): Frank-Starling relationship as an important determi
nant of fetal cardiac output. 
Am. J. Physiol. 231: 495-500. 

Kjellmer, I., K. Karlsson, T. Olsson, K.G. Rosen. (1974): Cere
bral reactions during intra-uterine asphyxia in the sheep. I. 
Circulation and oxygen consumption in the fetal brain. 
Pediatr. Res. 8: 50-57. 

Kogure, K., P. Scheinberg, O.M. Reinmuth, M. Fujishima, R. Busto. 
(1970): Mechanisms of cerebral vasodilatation in hypoxia. 
J. Appi. Physiol. 29: 223-229. 

Korner, P.I., Y.P. Chalmers, S.W. White. (1967): Some mechanisms 
of reflex control of the circulation by the sympatho-adrenal 
system. 
Circ. Res. 20-21: Suppl. Ill: 157-172. 

Korner, P.I. (1971): Integrative neural cardiovascular control. 
Physiol. Rev. 51: 312-367. 

Korner, P.I. (1974): Control of blood flow to special vascular 
areas: Brain, Kidney, Muscle, Skin, Liver and Intestine, pp. 
123-162. In: Guyton, A.C. and Jones, C.E. eds. Cardiovascular 
physiology. 
Baltimore, University Park Press. 

Landau, W.M., W.H. Freygang, Jr., L.P. Roland, L. Sokoloff, S.S. 
Kety. (1955): The local circulation of the living brain, 
values in the unanesthetized and anesthetized cat. 
Trans. Amer. Neurol. Ass. 80: 125-129. 

Lassen, N.A. (1959): Cerebral blood flow and oxygen consumption 
in man. 
Physiol. Rev. 39: 183-238. 

Leniger-Follert, E., D.W. Lubbers. (1976): Behavior of microflow 
and local PO2 of the brain cortex during and after direct 
electrical stimulation. 
Pflügers Arch. 366: 39-44. 

Lewis, A.B., M.A. Heymann, A.M. Rudolph. (1976): Gestational 
changes in pulmonary vascular responses in fetal lambs in 
utero. 
Circ. Res. 39: 536-541. 

Lewis, L.D., U. Pontén, В.К. Siesjö. (1973) : Homeostatic regula
tion of brain energy metabolism in hypoxia. 
Acta physiol. Scand. 88: 284-286. 



197 

Lìggìns, G.C. (1969): The foetal role in the initiation of partu
rition in the ewe. pp. 218-244. In: Wolstenholme and O'Connor, 
M. eds. Foetal Autonomy. A Ciba Foundation Symposium. 
London, Churchill. 

Lloyd,J.R.(1969): The etiology of gastrointestinal perforations 
in the newborn. 
J. Pediatr. Surg. 4: 77-84. 

Lucas, W., T. Kirschbaum, N.S. Assali. (1966): Cephalic circula
tion and oxygen consumption before and after birth. 
Am. J. Physiol. 210: 287-292. 

Lundgren, 0., M. Jodal. (1975): Regional blood flow. 
Annu. Rev. Physiol. 37: 395-414. 

Mahon, W.A., J.W. Goodwin, W.M. Paul. (1966): Measurement of 
individual ventricular outputs in the fetal lamb by a dye 
dilution technique. 
Circ. Res. 19: 191-198. 

Makowski, E.L., G. Meschia, W. Droegemuller, F.C. Battaglia. 
(1968): Measurement of umbilical arterial blood flow in the 
sheep placenta and fetus in utero. Distribution to cotyledons 
and the intercotyledonary chorion. 
Circ. Res. 23: 623-631. 

Makowski, E.L., J.M. Schneider, N.G. Tsoulos, J.R. Colwill, F.C. 
Battaglia, G. Meschia. (1972): Cerebral blood flow, oxygen 
consumption and glucose utilization of fetal lambs in utero. 
Am. J. Obstet. Gynecol. 114: 292-303. 

Malik, A.B., B.S.L. Kidd. (1973): Independent effects of changes 
in H+ and CO2 concentrations on hypoxic pulmonary vasoconstric
tion. 
J. Appi. Physiol. 34: 318-323. 

Maloney, J.E., T.M. Adamson, V. Brodecky, M.H. Dowling, B.C. 
Ritchie. (1975): Modification of respiratory center output in 
the unanesthetized fetal sheep "in utero". 
J. Appi. Physiol. 39: 552-558. 

Maloney, J.E., J. Cannata, M.H. Dowling, W. Else, B.C. Ritchie. 
(1977): Baroflex activity in conscious fetal and newborn lambs. 
Biol. Neonate 31: 340-350. 

Mann, L.I. (1970a): Developmental aspects and the effect of 
carbon dioxide tension on fetal cephalic blood flow. 
Exp. Neurol. 26: 136-147. 

Mann, L.I., J.W. Prichard, D. Symmes. (1970b): E.E.G., E.C.G. and 
acid-base observations during acute fetal hypoxia. 
Am. J. Obstet. Gynecol. 106: 39-51. 

Mann, L.I. (1970c): Effect of hypoxia on fetal cephalic blood 
flow, cephalic metabolism, and electroencephalogram. 
Exp. Neurol. 29: 336-348. 

Marcus, M.L., D.D. Heistad, J.С Ehrhardt, M.A. Francois.(1976): 
Total and regional cerebral blood flow measurement with 
7-10,15-, 25-, and 50-ym microspheres. 
J. Appi. Physiol. 40: 501-507. 



198 

Maretta, S.F. (1972a): Roles of aortic and carotid chemoreceptors 
in activating the hypothalamo-hypophyseal-adrenocortical 
system during hypoxia. 
Proc. Soc. Exp. Biol. Med. 141: 915-922. 

Marotta, S.F. (1972b): Comparative effects of hypoxia, adrenocor-
ticotropin and methylcholine on adrenocortical secretory rates. 
Proc. Soc. Exp. Biol. Med. 141: 923-927. 

Martin, C.B. Jr., Y. Murata, R.H. Pétrie, J.T. Parer. (1974): 
Respiratory movements m fetal rhesus monkeys. 
Am. J. Obstet. Gynecol. 119: 939-94Θ. 

McDonald, D.A. (1974): Blood flow in arteries. 2nd. ed. 
London, Edward Arnold Publishers, Ltd. 

McLean, L.D., Yound Song Kim, P.H. Hendenstrom. (1960): Distribu
tion of blood flow in canine and human hearts. 
Surg. Forum 40: 221-223. 

McMillan, V., B.K. Siesjö. (1972): Brain energy metabolism in 
hypoxemia. 
Scand. J. Clin. Lab. Invest. 30: 127-136. 

McMillan, V., L.G. Salford, B.K. Sies^ö. (1974): Metabolic state 
and blood flow in rat cerebral cortex; cerebellum and brain
stem in hypoxic hypoxia. 
Acta Physiol. Scand. 92: 103-113. 

Meschia, G., J.R. Cotter, C.S. Breathnach, D.H. Barron. (1965): 
The hemoglobin, oxygen, carbon dioxide and hydrogen ion con
centration in the umbilical bloods of sheep and goats as 
sampled via indwelling plastic catheters. 
Q.J.Exp. Physiol. 50: 185-195. 

Meschia, G., J.R. Cotter, E.L. Makowski, D.H. Barron. (1967): 
Simultaneous measurement of uterine and umbilical blood flows 
and oxygen uptakes. 
Q. J. Exp. Physiol. 52: 1-18. 

Meschia, G., E.L. Makowski, F.C. Battaglia. (1969): The use of 
indwelling catheters in the uterine and umbilical veins of 
sheep for a description of fetal acid-base balance and oxyge
nation. 
Yale J. Biol. Med. 42: 154-165. 

Meschia, G., F.C. Battaglia.(1973): Acute changes of oxygen pres
sure and the regulation of uterine blood flow. pp. 272-278. 
In: Foetal and Neonatal Physiology; Proceedings of the Sir 
Joseph Barcroft Centenary Symposium, held in Cambridge, Engl. 
1972. 
Cambridge, Cambridge University Press. 

Misenhimer, H.R., E.M. Ramsey. (1970): The effect of anesthesia 
and surgery in pregnant rhesus monkeys. 
Gynecol. Invest. 1: 105-114. 

Murdaugh, H.V. Jr., B. Schmidt-Nielsen, J.W. Wood, W.L. Mitchell. 
(1961): Cessation of renal function during diving in the 
trained seal (Phoca vitulina). 
J. Cell. Comp. Physiol. 58: 261-266. 

Murdaugh, H.V. Jr., C.E. Cross, J.E. Milien, J.B.L. Gee, E.D. 
Robin. (1968): Dissociation of bradycardia and arterial con
striction during diving in the seal phoca vitulina. 
Science 162: 364-365. 



199 

Myers, R.E. (1975): Perinatal asphyxia; the neurologist's view
point. pp. 59-93. In: Adamsons, K. & Fox, H.A. eds. Preventabi-
lity of Perinatal Injury. Proceedings of a Symposium. Held in 
New York City, March 1974. 

Neutze, J.M., F. Wyler, A.M. Rudolph. (1968): Use of radioactive 
microspheres to assess distribution of cardiac output in 
rabbits. 
Am. J. Physiol. 215: 486-495. 

Norman, J.N., J. Mclatyre, J.R. Shearer, I.M. Craigen, G. Smith. 
(1970): Effect of carbon dioxide on renal blood flow. 
Am J. Physiol. 219: 672-676. 

Pannier, J.L., G. Demeester, I. Leusen. (1974): The measurement of 
cerebral blood flow in the rat with radioactive microspheres. 
Arch. Int. Physiol. Biochim. 82: 416-418. 

Parker, B.M., D.C. Andresen, J.R. Smith. (1958): Observations on 
arteriovenous communications in lungs of dogs. 
Proc. Soc. Exp. Biol. Med. 98: 306-308. 

Paton, J.B., D.E. Fisher, E.N. Peterson, C.W. deLannoy, R.E. 
Behrman. (1973): Cardiac output and organ blood flows in the 
baboon fetus. 
Biol. Neonate 22: 50-57. 

Phibbs, R.H., L. Dong. (1970): Nonuniform distribution of micro
spheres in blood flowing through a medium-size artery. 
Can. J. Physiol. Pharmacol. 48: 415-421. 

Pitlick, P.T., S.E. Kirkpatrick, W.F. Friedman. (1976): Distribu
tion of fetal cardiac output: importance of pacemaker location. 
Am. J. Physiol. 231: 204-208. 

Pohlman, A.G. (1909): The course of blood through the heart of the 
fetal mammal, with a note on the reptilian and amphibian circu
lation. 
Anat. Ree. 3: 75-109. 

Pomeranz, B.H., A.G. Birtch, A. Clifford Barger. (1968): Neural 
control of intrarenal blood flow. 
Am. J. Physiol. 215: 1067-1081. 

Prinzmetal, M., E.M. Ornitz, Jr., B. Simkin, H.C. Bergman.(1948): 
Arteriovenous anastomoses in liver, spleen, and lungs. 
Am. J. Physiol. 152: 48-52. 

Purves, M.J., J.M. James. (1969): Observations on the control of 
cerebral blood flow in the sheep fetus and newborn lamb. 
Circ. Res. 25: 651-667. 

Purves, M.J. (1972): The Physiology of the Cerebral Circulation. 
Cambridge, Cambridge University Press. 

Quilligan, E.J., D.R. Dunmhoo, G.G. Anderson. (1971): Effect of 
elevations of carbon dioxide on fetal carotid blood flow. 
Am. J. Obstet. Gynecol. 109: 706-715. 

Rankin, J.H.G., T.M. Phernetton. (1976a): Effect of norepinephrine 
on the ovine umbilical circulation. 
Proc. Soc. Exp. Biol. Med. 152: 312-317. 



200 

Rankin, J.H.G., T.M. Phernetton. (1976b): Circulatory responses of 
the near-term sheep fetus to prostaglandin E2. 
Am. J. Physiol. 231: 760-765. 

Reivich, M. (1964): Arterial PCO2 and cerebral hemodynamics. 
Am. J. Physiol. 206: 25-35. 

Rosenfeld, CR., A.P. Killam, F.C. Battaglia, E.L. Makowski, G. 
Meschia. (1973): Effect of Estradiol-17B on the magnitude and 
distribution of uterine blood flow in nonpregnant, oöphorecto-
mized ewes. 
Pediatr. Res. 7: 139-148. 

Ross, G. (1971): The regional circulation. 
Annu. Rev. Physiol. 33: 445-478. 

Roth, J.A., A.L. Greenfield, S. Kaihara, H.N. Wagner Jr. (1970): 
Total and regional cerebral blood flow in unanesthetized dogs. 
Am. J. Physiol. 219: 96-101. 

Rudolph, A.M., S. Yuan. (1966): Response of the pulmonary vascu
lature to hypoxia and H+ ion concentration changes. 
J. Clin. Invest. 45: 399-411. 

Rudolph, A.M., M.A. Heymann. (1967): The circulation of the fetus 
in utero. 
Cire. Res. 21: 163-184. 

Rudolph, A.M., M.A. Heymann. (1970): Circulatory changes during 
growth of the fetal lamb. 
Circ. Res. 26: 289-299. 

Rudolph, A.M., M.A. Heymann, K.A.W. Teramo, C T . Barrett, N.C.R. 
Räihä. (1971): Studies on the circulation of the previable 
human fetus. 
Pediatr. Res. 5: 452-465. 

Rudolph, A.M., M.A. Heymann. (1972): Measurement of flow in 
perfused organs using microsphere techniques. 
Acta Endocrinol. 69: Suppl. 158: 112-127. 

Rudolph, A.M., M.A. Heymann. (1973): Control of the foetal circu
lation. pp. 89-111. In: Foetal and Neonatal Physiology; 
Proceedings of the Sir Joseph Barcroft Centenary Symposium. 
Held in Cambridge, Engl. 1972. 
Cambridge, Cambridge University Press. 

Rudolph, A.M., M.A. Heymann. (1974): Fetal and neonatal circula
tion and respiration. 
Annu. Rev. Physiol. 36: 187-207. 

Rudolph, A.M., M.A. Heymann. (1976): Cardiac output in the fetal 
lamb: the effects of spontaneous and induced changes of heart 
rate on right and left ventricular output. 
Am. J. Obstet. Gynecol. 124: 183-192. 

Rushmer, R.F., D.W. Baker, H.F. Stegall. (1966): Transcutaneous 
Doppler flow detection as a nondestructive technique. 
J. Appi. Physiol. 21: 554-566. 

Saadjian, Α., J.F. Quercy, Y. Lacroix, G. Héuillet, M. Alberti,J. 
Torresani. (1972): Cardiac output measurement by thermodilu-
tion. pp. 155-158. In: Roberts, С ed. Blood Flow Measurement. 
Baltimore, Williams & Wilkins. 

Sabatier, R.B.L. (1778): Mémoires sur les organes de la circula
tion du sang du foetus. 
Hist. Acad. Roy. d. Sci. Pans: 198-208. 



201 

Sabiston, D.C. Jr., D.E. Gregg. (1957): Effect of cardiac con
traction on coronary blood flow. 
Circulation. 15: 14-20. 

Sapirstein, L.A. (1956): Fractionation of the cardiac output of 
rats with isotopie potassium. 
Circ. Res. 4: 689-692. 

Sapirstein, L.A. (1958) : Regional blood flow by fractional dis
tribution of indicators. 
Am. J. Physiol. 193: 161-168. 

Sasaki, Y., H.N. Wagner Jr. (1971): Measurement of the distribu
tion of cardiac output and organ blood flow. 
J. Appi. Physiol. 30: 879-884. 

Satomura, S., Z. Kaneko. (1961): Ultrasonic blood Rheograph. pp. 
254-258. In: Proceedings of the 3rd. International Conference 
on Medical Electronics. Held in London, 1960. 
Springfield, 111. C.C. Thomas Publisher. 

Saunders, K.B., J.I.E. Hoffman, M.I.M. Noble, R.J. Domenech. 
(1970): A source of error in measuring flow with indocyanine 
green. 
J. Appi. Physiol. 28: 190-198. 

Scholander, P.F. (1959): Experimental studies on asphyxia in 
animals, pp. 267-274. In: Walker, J. & Turnbull, A.C. eds. 
Oxygen Supply to the Human Foetus. 
Oxford, Blackwell Scientific Publications. 

Sevennghaus, J.W., N. Lassen. (1967): Step hypocapnia to sepa
rate arterial from tissue PCO2 in the regulation of cerebral 
blood flow. 
Circ. Res. 20: 272-278. 

Shapiro, W., A.J. Wasserman, J.L. Patterson, Jr. (1966): Human 
cerebrovascular response to combined hypoxia and hypercapma. 
Circ. Res. 19: 903-910. 

Sigman, E-, A. Kolin, L.N. Katz, K. Jochim. (1937): Effect of 
motion on the electrical conductivity of the blood. 
Am. J. Physiol. 118: 708-719. 

Slotkoff, L.M., A. Logan, P. José, J. D'Avella, G.M. Eisner. 
(1971) : Microsphere measurement of intrarenal circulation of 
the dog. 
Circ. Res. 28: 158-166. 

Smith, A.L., H. Wollman. (1972): Cerebral blood flow and metabo
lism: effects of anesthetic drugs and techniques. 
Anesthesiology 36: 378-400. 

Sokoloff, L. (1957): Local blood flow in neural tissue, pp. 51-
61. In: Windle, W.F., ed. New Research Techniques of Neuro
anatomy. 
Springfield, 111., C.C. Thomas Publisher. 

Suy, R., A.H.M. Jageneau,W. Van Gerven. (1974): Reliability of 
radioactive microspheres in regional blood flow measurements. 
Arch. Int. Physiol. Biochim. 82: 318-320. 



202 

Teramo, К., 0. Widholm. (1967): Studies of the effect of anesthe
tics on fetus. 1) The effect of paracervical block with mepi-
vacaine upon foetal acid-base values. 
Acta Obstet. Gynecol. Scand. 46: Suppl. 2: 3-39. 

Touloukian, R.J., J.N. Posch, R. Spencer. (1972): The pathogene
sis of ischemic gastroenterocolitis of the neonate: Selective 
gut mucosal ischemia in asphyxiated neonatal piglets. 
J. Pediatr. Surg. 7: 194-205. 

Ueda, H., S. Kaihara, K. Ueda, Y. Sugishita, Y. Sasaki, M. lio. 
(1965): Regional myocardial blood flow measured by ІІ31 label
led macroaggregated albumin (ІІЗІ-МДД). 
Jpn. Heart J. 6: 534-542. 

Urquhart, J. (1965): Adrenal blood flow and the adrenocortical 
response to corticotropin. 
Am. J. Physiol. 209: 1162-1168. 

Utley, J., E.L. Carlson, J.I.E. Hoffman, H.M. Martinez, G.D. 
Buckberg. (1974): Total and regional myocardial blood flov, 
measurements with 25v, 15 μ, 9 μ and filtered 1-10 ν diameter 
microspheres and antipynne in dogs and sheep. 
Circ. Res. 24: 391-405. 

Vatner, S.F., D. Franklin, E. Braunwald. (1971): Effects of an
esthesia and sleep on circulatory response to carotid sinus 
nerve stimulation. 
Am. J. Physiol. 220: 1249-1255. 

Vatner, S.F., C.B. Higgins, E. Braunwald. (1974): Effects of nor
epinephrine on coronary circulation and left ventricular 
dynamics in the conscious dog. 
Circ. Res. 34: 812-823. 

Vatner, S.F., E. Braunwald. (1975): Cardiovascular control mecha
nisms in the conscious state. 
N. Engl. J. Med. 293: 970-976. 

Vaughn, D., Т.Н. Kirschbaum, T. Bersentes, N.S. Assail. (1967): 
Effects of autonomic blockade on pulmonary and systemic circu
lation before and after birth. 
Am. J. Physiol. 212: 436-443. 

Velick, S., N. Colin. (1940): The electrical conductance of 
suspensions of ellipsoids and its relation to the study of 
avian erythrocytes. 
J. Gen. Physiol. 23: 753-771. 

Wagner, H.N., Jr., D.C. Sabiston, Jr., M. Iio, J.G. McAfee, J.K. 
Meyer, J.K. Langan. (1964): Regional pulmonary blood flow in 
man by radioisotope scanning. 
J.A.M.A. 187: 601-603. 

Wagner, H.N., Jr., E. Jones, D.E. Tow, J.K. Langan. (1965): 
A method for the study of the peripheral circulation in man. 
J. Nucl. Med. 6: 150-154. 

Wagner, H.N., Jr., B.A. Rhodes, Y. Sasaki, J.P. Ryan. (1969): 
Studies of the circulation with radioactive microspheres. 
Invest. Radiol. 4: 374-386. 



203 

Wahl, M., P. Deetjen, К. Thurau, D.H. Ingvar, N.А. Lassen. 
(1970): Micropuncture evaluation of the importance of perivas
cular pH for the arteriolar diameter on the brain surface. 
Pflügers Arch. 316: 152-163. 

Walker, W.F., M.S. Zileli, F.W. Reutter, W.C. Schoemaker, D. 
Friend, F.D. Moore. (1959): Adrenal medullar secretion in hemo
rrhagic shock. 
Am. J. Physiol. 197: 778-780. 

Warren, D.J., J.G.G. Ledingham. (1974): Measurement of cardiac 
output distribution using microspheres. Some practical and 
theoretical considerations. 
Cardiovasc. Res. 8: 570-581. 

Warren, D.J., J.G.G. Ledingham. (1975): Measurement of intrarenal 
blood-flow distribution in the rabbit using radioactive micro
spheres. 
Clin. Sei. Mol. Med. 48: 51-60. 

Weaver, P.C., J.S. Bailey, V.J. Redding. (1970): A comparative 
study of cardiac outputs in dogs using indicator-dilution 
curves and an electromagnetic flow meter. 
Cardiovasc. Res. 4: 248-252. 

Whitmore , R.L. (1968): Rheology of the Сirculation. 
Oxford, Pergamon Press. 

Williams, R.L., K.P. Hof, Μ.Α. Heymann, A.M. Rudolph. (1976): 
Cardiovascular effects of electrical stimulation of the fore-
brain in the fetal lamb. 
Pediatr. Res. 10: 40-45. 

Wright, R.D. (1963): Blood flow through the adrenal gland. 
Endocrinology 72: 418-428. 

Zweifel. (1878): Wann sollen die Neugeborenen abgenabelt werden? 
Centralbl. f. Gynäk. 2: 1-3. 



204 

CURRICULUM VITAE 

De auteur van dit proefschrift werd op 1 januari 1948 geboren 
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bare schoolopleiding gevolgd werd aan het St. Bernardinus college 
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arbeidfysiologie onder leiding van Prof. R.Margarla (Istituto di 

Fisiologia Umana). Nadien doorliep hij de coassistentschappen en 

werd op 28 september 1973 het artsexamen afgelegd. 
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huisartsen praktijk, tijdens welke periode in januari 1974 met 
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Perinatal Medicine", University of Colorado, Medical Center te 

Denver, U.S.A. waar hij onder leiding van Prof. G. Meschia, 

Prof. F.C. Battaglia en Prof. E.L. Makowski onderzoek op het 

gebied van de foetale circulatie verrichtte. Op 1 October 1976 

tenslotte, startte hij zijn opleiding tot vrouwenarts in de Uni

versiteitskliniek voor Obstetrie en Gynaecologie (Hoofden: Prof. 

dr. J.L. Mastboom en Prof. dr. Т.К.A.B. Eskes) van het St. Rad

boud Ziekenhuis te Nijmegen. 



STELLINGEN 

I 

Bi] de veranderingen die er optreden in de foetale circulatie 
tijdens hypoxie lijkt de handhaving van de zuurstofvoorziening 
van bepaalde gedeelten van de hersenen en het hart centraal te 
staan (dit proefschrift). 

II 

De verhouding tussen de lengte van de onderste- en bovenste 
extremiteiten zou een indruk kunnen verschaffen omtrent de 
gemiddelde oxygenatie van een foetus gedurende de gehele 
zwangerschap (dit proefschrift). 

III 

Continue registratie van de huidperfusie van het voorliggende 
deel zou een zinvolle aanvullende bron van informatie kunnen 
vormen omtrent de foetale conditie tijdens de baring (dit 
proefschrift). 

IV 

Het dempend effect van anesthetica op sensorische functies m het 
centrale zenuwstelsel zou mogelijk via een vermindering van de 
cerebrale functionele activiteit en de daarmee gepaard gaande 
daling van de cerebrale zuurstofbehoefte, tenminste in bepaalde 
gebieden van de hersenen, een grotere tolerantie ten aanzien 
van hypoxie kunnen opleveren. 

V 

Aangezien de wortels van placentaire msufficiëntiesyndromen vaak 
terug lijken te grijpen naar de periode van de placentatie, kan 
het inzicht in deze syndromen waarschijnlijk vergroot worden, 
indien het accent bij de studie van deze beelden meer verlegd zou 
worden naar deze, nog vrijwel onontgonnen, periode van de zwanger
schap. 

VI 

De aanpassing van een organisme aan een bepaalde stressconditie 
zoals hypoxie, inspanning, hongeren, etc, houdt in, dat de 
functie van een groot aantal organen een verandering ondergaat. 
Het langdurig blijven voortbestaan van een bepaalde aanpassings
situatie zou, via de als tijdelijk bedoelde adaptie, aanleiding 
kunnen geven tot permanente veranderingen van bepaalde orgaan
functies. Een dergelijke situatie kan mogelijk een heraanpassing 
aan de niet-stress-situatie alsmede de aanpassingscapaciteit van 
het organisme aan andere vormen van stress ondermijnen. 



VII 

Uitbreiding van de basale kennis van de foetale fysiologie is 
een eerste vereiste om gegevens, verkregen middels antenatale 
bewaking, op zinvolle wi]ze te kunnen interpreteren. 

VIII 

Klinisch- wetenschappelijk onderzoek in Nederland zou aan 
effectiviteit winnen, indien er gezocht werd naar coördinatie 
met preklinisch onderzoek. 

IX 

Centralisatie van geplande research projecten zou het ббгкотеп 
van onnodige doublures kunnen verminderen. 

X 

Het dierexperimenteel verloskundig onderzoek zou in de oplei
ding tot vrouwenarts geïncorporeerd dienen te worden, al was het 
alleen maar om de operatieve ervaring te vergroten. 

XI 

De toepassing van Real-time echoscopie in de verloskunde geeft 
zoveel informatie dat deze techniek niet weg te denken is uit 
het instrumentarium van de vrouwenarts. Men dient er zich echter 
van bewust te zijn dat de diagnostische mogelijkheden van deze 
techniek niet onbegrensd zijn gezien het feit dat alle verkregen 
informatie uitsluitend berust op interpretatie van beelden, 
welke gevormd worden uit verschillen in akoestische impedantie 
van de onderzochte anatomische structuren. 

XII 

De dopingswetgeving die betrekking heeft op de sport kan aan 
effectiviteit winnen indien deze zodanig zou worden aangepast 
dat, enerzijds het gebruik van bepaalde stimulerende middelen 
onder goed te definiëren omstandigheden en onder nauwkeurige 
medische controle wordt toegestaan, terwijl anderzijds de contro
le op niet toegestane middelen aanzienlijk wordt verbeterd. 

XIII 

Het woord "genees"middel getuigt van een schromelijke over
schatting van de werking van deze producten van de pharmaceu-
tische industrie. 

XIV 

Het vallen van een boom maakt meer lawaai dan het groeien van een 
heel' bos. 
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